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In this study, Pb(Zr0.52Ti0.48)O3 (PZT) was incorporated with (Bi3.15Nd0.85)Ti3O12 
(BNT) in a heterostructured thin film designed for applications in nonvolatile 
ferroelectric random access memories (NVFRAM), which is a fast growing 
technological area. PZT possesses all the excellent electrical properties that are best 
possible for NVFRAM and, yet its poor fatigue endurance severely upsets the 
durability. BNT however is well known for the high fatigue resistance with moderate 
electrical performance. Bilayered films consisting of these two ferroelectric layers 
were therefore designed, aimed at developing a NVFRAM material with excellent 
performance and durability. 
 
Bilayered thin films with two different stacking sequences namely, PZT/BNT and 
BNT/PZT, were deposited via a combined sol-gel and RF-sputtering route. 
Examinations by using secondary ion mass spectroscopy (SIMS) revealed a wide 
diffusion length at the PZT/BNT interfacial layer in the PZT/BNT bilayered film, 
which is formed by defects. The formation of such layer was believed to be caused by 
PbO loss from PZT bottom layer during heat treatment. The analysis on domain walls 
mobility showed that the presence of this interfacial layer adversely affects the 
electrical behavior of PZT/BNT bilayered film. Domains walls that are neighboring to 
the interfacial layer are pinned and become immobile to external electric field. 
However, this interfacial layer is vulnerable to polarization switching, whereby it 
transforms into free-moving space charges that no longer accumulate at the PZT/BNT 
interfacial layer. The free-moving space charges gradually migrate to the 
film/electrode interface to give rise to space charge polarization. Therefore, instead of 
being degraded, the switchable polarization increases dramatically with the increasing 
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number of switching cycles. A switchable polarization peak, which is more than 5 
times higher than that of the virgin state, occurred upon polarization switching for 
108-109 cycles. More interestingly, this switchable polarization peak shifts towards 
smaller number of switching cycles at elevated temperatures. Such peak shifting has 
never been previously studied. 
 
Examination on the BNT/PZT bilayered films however did not suggest the formation 
of any interfacial layer. Without the domain walls pinning by the interfacial layer, 
BNT/PZT bilayered films generally exhibits better ferroelectric and dielectric 
behavior than those of the PZT/BNT bilayered films. The thicker the constituting 
BNT layer is, the higher fatigue resistance the bilayered film exhibits. 
 
The comparison between the two types of bilayered thin films further solidified the 
model of the interfacial layer that has never been reported in any previous studies of 
ferroelectric heterostructured thin films to date. The origin and effect of the interfacial 
layer were also examined through the comparison and analysis. 
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FERROELECTRIC THIN FILMS 
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CHAPTER 1 FERROELECTRIC THIN FILMS 
Ferroelectricity, which was first discovered by Valasek [1] in 1920, is a result of a 
collective behavior of many interacting dipoles [2]. Ferroelectric materials show 
ferroelectric properties such as spontaneous polarization below the Curie point, 
exhibit ferroelectric domains and a ferroelectric hysteresis loop. In 1990s, fabrication 
techniques for thin films have developed significantly, including sputtering, sol-gel, 
laser ablation, metalorganic deposition (MOD), and metalorganic chemical vapor 
deposition (MOCVD) [3, 4]. The small dimensions of thin films not only offer easier 
integration to IC technology but also allow lower operating voltage, higher speed and 
ability to fabrication of some unique micro-level structures [5]. 
 
This chapter reviews the current status of ferroelectric thin films in selected 
applications, their limitations and how far the current developments have achieved 
towards resolving them. 
1.1. Applications of Ferroelectric Thin Films 
Ferroelectric thin films possess unique dielectric, piezoelectric, pyroelectric and 
electro-optic properties that promise applications in various electronic and electrical 
devices [5]. Examples of important applications of ferroelectrics are capacitors, 
memories and integrated optics, which are elaborated as follows. 
1.1.1. Thin Film Capacitors 
Capacitors, particularly multilayer ceramic capacitors (MLCs), are essential to almost 
all the currently available electronic components. They constitute a significant portion 
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of the multibillion dollar electronic ceramic business as a whole [5]. They are made of 
ferroelectric compositions with suitable chemical dopants, while retaining a high 
dielectric constant ( rε ) over a broad temperature range. BaTiO3 (BTO) and 
Pb(Mg1/3Nb2/3)O3 (PMN) are the two ferroelectric materials that have been well 
studied for thin film MLC applications [6]. 
1.1.2. Ferroelectric Memories 
Research and development on ferroelectric memories have been carried out since 
1955 [3]. In the conventional dynamic random access memory (DRAM) i.e. 
capacitors, with SiO2 as dielectrics, are aligned together in series [5]. As the required 
memory capacity increases nowadays, the area taken up by the low- rε  SiO2 becomes 
too large and impractical [see Equation (1.2-1)]. To deal with this, ferroelectric 
DRAM (FDRAM) comes in.  Unlike SiO2, ferroelectric materials exhibit much higher 
rε , which allow FDRAM to occupy much lesser wafer area than the normal DRAM, 
thus maximize the memory capacity possible on a given silicon wafer. Presently, 
BaxSr1-xTiO3 film capacitor is one of the top contenders for such application [7]. 
 
On the other hand, ferroelectric thin films are being extensively studied for their 
technological potentials in nonvolatile ferroelectric random access memories 
(NVFRAM) [8, 9]. Electric field polarizes the film into two stable states that could be 
used to designate the binary Boolean algebra in a computer memory. Such memory 
device offers non-volatility (retain of stored information without external energy 
supply), high speed, high density and radiation hardened compatibility (allow the 
usage of device in harsh environment e.g. outer space). The development of 
NVFRAM for nonvolatile memory applications such as computer random access 
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memories, radio frequency identification tags and smart cards in a variety of 
applications e.g. ticketing, fare collection and inventory control, is presently 
underway, and has reached modest production levels for specific applications [4, 10].  
These are also among the fastest growing segments of the semiconductor industry. 
Pb(Zr,Ti)O3 (PZT), (Pb,La)(Zr,Ti)O3 (PLZT) and SrBi2Ta2O7 (SBT) are among the 
actively developed [5]. 
1.1.3. Electro-Optic Devices 
Electro-optics require ferroelectric thin films with optical transparency and high 
crystallinity [4]. It can be served as a waveguide that controls the propagation of light 
in the transparent film. The thin film therefore has to be fabricated under clean 
conditions with fine grains of ultra-phase purity and high density. Ferroelectric thin 
films as optical memory displays, on the other hand, require high electro-optic 
coefficient and/or strong photosensitivities. PZT and PLZT, with large electro-optic 
coefficient, promise the realization of ferroelectric thin film optical applications. 
1.2. Limitations of Ferroelectric Thin Films 
Despite the unique electrical properties of ferroelectric thin films that assure 
applications in various devices as elucidated in Section 1.1, there exist some 
drawbacks in their ferroelectric and dielectric behavior, which are regarded as their 
limitations. 
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1.2.1. Dielectric Behavior 
Capacitance is commonly related to the dielectric permittivity of vacuum and of the 
ferroelectric material in use ( oε and rε  respectively), its electrode area (A) and 
thickness (d) by the following equation: 
d
AC orεε=         (1.2-1) 
The equation above clearly reveals that to maximize the capacitance (C) while 
minimizing the capacitor area, a dielectric with high rε  and low thickness is required.  
 
MLC exhibits a very high volumetric efficiency (capacitance per unit volume), as it 
combines capacitance of high- rε  ceramic tapes stacked on top of one another. The 
volumetric efficiency of the MLC can be further improved when thickness of the 
dielectric layer is further reduced by having a thin dielectric film substituting for the 
ceramic sheets. According to Izuha et al [7], there exists a low- rε  layer at the 
film/electrode interface that is likely to be made up of ion vacancies, interfacial 
defects and/or lattice distortions. Yoneda et al [11] also showed that thin film 
capacitor is strongly influenced by space charge polarization. As the film becomes 
thinner, the low- rε  layer makes up a larger population of the total thickness of the 
ferroelectric film. A review by Ramesh et al [4] revealed that the depolarizing field 
due to the low- rε  layer becomes detrimental to polarization switching when the film 
gets very thin. This limits the size minimization of dielectric thin film in such a way 
that the polarization switching of a ferroelectric capacitor with semiconductor 
electrode will be destroyed if the ferroelectric layer is thinner than 400nm, although 
metallic electrode permits a size minimization up to 4 nm. 
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Beside problem with size minimization, the conflict between the high figure of merit 
(reciprocal of tangent loss, tan δ) for high performance and the high dielectric 
constant for high output capacitance seems inevitable. This is because tan δ is the 
ratio of real part of dielectric permittivity to the imaginary part of dielectric 
permittivity. 
1.2.2. Ferroelectric Behavior 
Among many families of ferroelectrics, perovskite PZT is the most extensively 
studied one owing to its excellent ferroelectric properties (high Pr and rε , low Ec and 
tan δ) and relatively low crystallization temperature. The electrical properties of PZT 
are strongly dependent on its composition and film orientation [12], where a strict 
control in the Zr:Ti ratio near the narrow morphotropic phase boundary (MPB) region 
is crux for good electric properties in bulk ceramics (see details in Section 2.1.1) [13]. 
However this could be difficult to achieve, especially in the low dimension systems.  
 
Concerning integration of ferroelectric thin film memories into IC technology, there 
exist a complex defect chemistry and microstructure at the film/electrode interface [4]. 
One of the most detrimental effects is that upon repeated polarization switching, point 
defects like oxygen vacancies ( ⋅⋅OV ) in PZT thin film always move toward electrodes. 
They then accumulate near the Pt electrodes being attracted by an internal electric 
field in the Schottky barrier [14, 15]. This interaction of PZT thin film with Pt 
electrode is believed to cause the apparent polarization degradation in PZT thin film 
after 106 – 107 of polarization switching cycles [4]. This hence greatly upset the 
reliability of a NVFRAM as polarization is an important property that should be large 
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enough to allow signal detection and should not change under repetitive read/write 
cycles. 
1.3. Optimizing Ferroelectric Thin Films 
To account for various limitations in ferroelectric thin film devices mentioned in 
Section 1.2, tremendous efforts of research have been carried out. In 1991, Ramesh 
and Scholom [16] reported the fabrication of epitaxial Bi4Ti3O12 (BT) by 
incorporating it with cuprate superconductor into a heterostructure. Lattice- and 
chemistry-matched expitaxial cuprate superconductor was claimed to successfully 
promote BT’s electrical performance. Being inspired by this study, in the following 
decade, many heterostructures based on ferroelectric thin films were fabricated by 
incorporating them with foreign layer such as electrode, templating layer and other 
ferroelectric layer, in order to enhance the performance of ferroelectric thin films. 
Some of the studies are selected and reviewed in this section.  
1.3.1. Electrode  
Electrode plays a crucial part in the performance of ferroelectric thin films [7, 17]. 
Many studies show that by replacing metal electrode with conductive perovskite 
oxide the electrical properties of thin films can be greatly improved. The 
improvements are generally attained from two aspects: 
1.3.1.1. Lattice Matching 
Better lattice matching between electrode and ferroelectric film [e.g. SrRuO3 (SRO) 
electrode in BaxSr1-xTiO3 (BST) capacitor] helps to eliminate the interfacial defects 
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and additional states at the film/electrode and hence reducing the leakage current and 
dielectric degradation [7]. 
 
On the other hand, Schmizu [18, 19] made use of the lattice mismatching (and/or 
difference in thermal expansivity) in controlling the strain in the thin film and hence 
its lattice extension in c-axis. This was shown to be successful in manipulating the 
dielectric constant.  
1.3.1.2. Oxide Electrode as Sink for ••OV  
As will be explained in Section 4.4.1, the polarization degradation in ferroelectric film 
is believed to be associated with the presence of common and mobile defects in 
ferroelectrics – ••OV . A number of studies successfully fabricated fatigue free 
ferroelectric films that persisting up to 1012 of switching cycles by incorporating the 
ferroelectric films with oxide electrodes e.g. LSCO, RuO2, LaNiO3 and SRO [4, 7, 20 
& 21]. In the presence of an oxide electrode, ••OV  tend to accumulate in the electrode 
instead of at the film/electrode interface. It therefore prevents the domain walls 
pinning which is believed to be responsible for the polarization degradation, the 
details of which will be explained in Section 4.4.1. 
1.3.2. Non-Functioning Layer 
In several previous studies, a layer of non-functioning dielectric or oxide is deposited 
in between the bottom electrode and the functioning ferroelectric layer. Selected 
studies below elucidate how an accompanying foreign layer improves the 
performance. 
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BT beneath PLZT layer as a templating layer promotes (001) orientation and 
resistivity (5×1010 – 5×1011 at 5 V) of the ferroelectric layer [4]. These were attributed 
to a better control over the defect level in the ferroelectric film. On the other hand, 
despite the success of LSCO in promoting the electrical properties of ferroelectric 
film as mentioned in Section 1.3.1.2, the oxide electrode cannot be deposited directly 
on a Si surface, which is the substrate currently used in IC technology. This problem 
however had been solved by Ramesh et al [22], by depositing a buffer layer - yttria 
stabilized zirconia (YSZ) between the substrate and conducting electrode. 
 
It is well accepted that defects e.g. dislocations, surface steps and compositional 
variations can pin domain walls and degrade the polarization of a ferroelectric film. A 
number of studies revealed that the insertion of PbTiO3 (PT), a paraelectric layer, can 
successfully reduce the PZT film defect level and promote its fatigue endurance to 
1010 cycles [23]. The presence of PT as a buffer layer not only affects the nature and 
distribution of defects in PZT but also promotes the crystallization of the film [17, 24]. 
1.3.3. Functioning Layer 
As mentioned in Sections 1.3.1 and 1.3.2, an additional layer that does not directly 
contribute to the electrical performance of a ferroelectric film was purposely 
introduced into the ferroelectric thin film. In this section, a review is made of the 
different types of ferroelectric layers exhibiting distinct electrical behavior that are 
combined in a heterostructure, in an attempt to improve the ferroelectric properties of 
a ferroelectric thin film. 
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1.3.3.1. Superlattice Structure 
A superlattice is a heterostructure with alternating stacking of epxitaxial layers in 
quantum size dimensions [25]. This heterostructure allows the tuning of dielectric 
behavior and realization of a ferroelectric film with unconventional dielectric and 
ferroelectric properties [13, 24].  
 
For instance, dielectric enhancement in dielectric superlattices was reported in several 
studies [13, 15]. In such dielectric heterostructures, their dielectric behavior does not 
follow the prediction of the series connection model which describes the rε  of a 
capacitor by considering a direct combination of its constituent dielectrics in series 
(see detail in Section 4.3.2). The dielectric enhancement however can be described by 
the Maxwell-Wagner (MW) capacitance model, which suggests that the enhancement 
in rε  may appear in bulk-like insulating dielectrics heterostructures with low-
resistivity interfacial regions in between [15]. The dielectric enhancement was also 
observed in PZT superlattices where tetragonal and rhombohedral layers inter-
diffused to give rise to an interfacial layer with high dielectric constant [13]. Wang et 
al [13] believed that this phenomenon is closely related to the stress and interaction of 
electric dipoles at the interface between the two layers of different phases. 
1.3.3.2. Multilayered Films 
Similar to the superlattices as explained in previous section, multilayered films also 
incorporate different ferroelectric layers but in submicron scales. Several studies 
revealed that there exists a coupling between two different ferroelectric layers that 
greatly influences the electrical behavior of the resultant multilayered structure. 
Studies on epitaxial BTO/STO (SrTiO3) by Yoneda et al [11] showed that the 
multilayered film exhibits enhanced dielectric properties owing to the strong influence 
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of ferroelectric coupling and space charge induced depolarizing field. Zhou et al [12] 
also observed enhanced polarization in Pb(Zr0.8Ti0.2)O3/Pb(Zr0.2Ti0.8)O3. They 
attributed the enhance polarization to the field-induced stress and coupling effect 
between the two different PZT phases. 
 
Incorporation of PZT with a high fatigue resistant ferroelectric layer (e.g. 
Bi3.25La0.75Ti3O12 (BLT), PLZT and BST) has been proven to be able to enhance the 
fatigue endurance to 1010 cycles [11, 26 & 27]. However the fatigue endurance was 
often found to be enhanced at the expense of the polarization (e.g. BLT/PZT/BLT has 
Pr of 4.4 μC/cm2). To date, there still lack of systematic studies on the interactions 
between the two ferroelectric layers and how the coexistence of the two ferroelectric 
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CHAPTER 2 MOTIVATIONS AND OBJECTIVES 
The NVFRAM, as mentioned in Section 1.1.2, is among the fastest growing segments 
of the semiconductor industry, owing to its great position in cost effectiveness and 
functionality. However polarization fatigue, a phenomenon whereby polarization of a 
ferroelectric degrades after repeated polarization switching, is still a profound 
problem. The device is normally designed with destructive electrical readout where a 
reading cycle always has to be followed by a re-writing cycle. Thus a limit in 
erase/rewrite operations is also a limit of read operations. It is therefore apparent that 
a decrease in switchable polarization severely hinders the full potential of the 
ferroelectric memory device, especially of the embedded one [3, 28].  
 
Throughout the last decade, a large body of studies related to the causes and 
mechanisms of fatigue has been established, where the commonly accepted one will 
be reviewed in Section 4.4.1. Ferroelectric films with oxide electrodes have been 
proven to exhibit fatigue-free behavior (see Section 1.3.1). However, these oxide 
electrodes are difficult to be synthesized than the pure metal electrode like Au or Pt 
[29]. Also a higher substrate temperature than that conventionally used in current Si 
process technology (550°C) is normally required for the deposition of an oxide 
conducting layer, e.g. 700 – 800°C for Y-Ba-Cu-O (YBCO) [22]. Other oxide 
electrodes such as LSCO, on the other hand, can be deposited at around 600°C, but 
only on STO substrate instead of Si wafer without the presence of a buffer layer e.g. 
YSZ (see Section 1.3.2).  
 
Therefore, in this study, heterostructured bilayers consisting of PZT and 
Bi3.15Nd0.85Ti3O12 (BNT) ferroelectric layers were fabricated aiming to work out a 
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ferroelectric material that makes a ferroelectric memory thin film with excellent 
performance, high durability in read/write operation and compatible with the current 
IC processing technology. 
2.1. Bilayered Ferroelectric Thin Films 
Bilayered thin films consisting of PZT and BNT layers with two different 
configurations were fabricated: BNT on top of PZT (coded PZT/BNT), and PZT on 
top of BNT (coded BNT/PZT). Such experimental designs allow the study of effects 
of the bottom layer on the top one. The following two sections explain the reasons 
why PZT and BNT are chosen in this study, among all the available ferroelectric 
materials. 
2.1.1. PZT 
PZT thin films have been largely studied since 1950s [30]. Among the various 
methods of film deposition, sol-gel technique stands out for better in stoichiometry, 
simplicity and low cost [31]. The compositional dependence of structure and electrical 
properties of PZT has been investigated extensively [12, 32]. It was found that, among 
all the compositions of Pb(ZrxTi1-x)O3, Pb(Zr0.52Ti0.48)O3, which is the nearest to the 
morphotropic phase boundary (MPB), is the most interesting one [13, 31 & 33]. This 
is because the ferroelectric and electro-optics propertieses of both tetragonal and 
rhombohedral modifications coexist metastably at MPB [32]. The perovskite PZT 
demonstrates possibly the highest rε  and largest ferroelectric, piezoelectric, 
pyroelectric and electro-optics responses that promise applications in many electronic 
devices e.g. transducers, ferroelectric memories, optical filters, shutters, actuators and 
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modulators. Indeed, PZT has been the material of choice in all major NVFRAM 
development program currently in process [34].  
2.1.2. BNT 
Bismuth-layered ferroelectrics belong to the family of Aurivilius phases with a 
general formula (Bi2O2)2+(An-1BnO3n+1)2+, where A can be Sr, Ba, Bi, etc., or a mixture 
of them; B can be Ti, Ta, Nb, etc., or a mixture of them; and n is an integer, 
representing the number of BO6 octahedra regularly interleaved by (Bi2O2)2+ layer 
[35].  
 
The Aurivilius series of ferroelectric with low n exhibits tremendous stability against 
aging in ferroelectric and piezoelectric properties (e.g. stability against fatigue, 
frequency stability and coupling factor stability) [36]. Therefore SBT and doped-BT 
exhibit a much superior fatigue resistance as compared to that of PZT on Pt [37, 38]. 
However, SBT suffers from several disadvantages, including a high processing 
temperature (750°C) and a very low switchable remanent polarization value (4 – 6 
μC/cm 2). Undoped BT, on the other hand, fatigues severely with repetitive switching. 
Park et al [39] attributed this to the ••OV  found at both the (Bi2O2)
2+ and (Bi2Ti3O10)2+ 
perovskite layers. They were believed to associate with volatile Bi. Based on this 
conclusion, many studies had claimed the successfulness in improving the fatigue 
resistance, ferroelectricity and current leakage by substituting Bi with rare-earth 
elements [40, 41 & 42]. Studies show that such substitution causes a shift in the 
octahedra along the a-axis and therefore enhances the rotation of TiO6 octahedra in 
the a-b plane [37, 38]. Rare-earth elements are of interest owing to their differences in 
size, as compared to Bi, which allow the introduction of a structural distortion [43]. 
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The higher the distortion, the stronger the Pr enhancement will be. Elements with 
comparative ionic radii for eightfold-coordination include Bi3+, 0.117 nm; La3+, 0.116 
nm; Nd3+, 0.111 nm; Sm3+, 0.108nm. Thus, Nd and Sm can lead to a larger distortion 
than La and therefore in principle, result in a larger Pr. For the bilayered ferroelectric 
films in the present study, BT with Nd-substitution is chosen. 
 
The two ferroelectric materials selected in this study are combined in a bilayered thin 
film in an attempt to realize a thin film that meets the requirement of NVFRAM by 
incorporating the high Pr and low Ec of PZT, high fatigue endurance of BNT and 
moderate rε  that lies in between PZT and BNT thin films [44]. While previous 
reports on the heterostructured ferroelectric films only presented their ferroelectric 
and dielectric behavior as compared to the single layered ferroelectric film, the 
present one not only reveals the combination effects on the electrical behavior, but 
also carries out a systematic study on the domain walls mobility of the bilayered films, 






















CHAPTER 3 EXPERIMETAL PROCEDURES 
3.1. Thin Film Preparation 
The PZT films were prepared via a sol-gel route using lead acetate 
(Pb(CH3COO)2·3H2O), zirconium isopropoxide (Zr[OCH(CH3)2]4) and titanium 
isopropoxide (Ti[OCH(CH3)2]4) as the starting materials. Ethylene monomethyl ether 
(CH3OCH2CH2OH) and acetic acid (CH3COOH) at a volume ratio of 3:1 were chosen 
as the solvent. The concentration of the sol solution was controlled at 0.4 M with 
5mol% of excess Pb to compensate for Pb loss at the high heat treatment temperature. 
The sol solution was then spin-coated at 3000 rpm for 30 seconds. The resultant gel 
films were dried at 300 °C for 5 minutes and baked at 500 °C for 20 minutes, before 
being annealed at 650 °C for 30 minutes. 
 
The BNT films were deposited via a RF-sputtering route. The starting materials of the 
sputtering target were bismuth oxide (Bi2O3), neodymium oxide (Nd2O3) and titania 
(TiO2). 5mol% of excess Bi was also added to compensate for the likely Bi loss at the 
high thermal annealing temperature. They were mixed by ball-milling and pressed 
into pellet before being sintered at 1000 °C for 1 hour. Deposition of BNT films were 
performed at room temperature with a base pressure of 10-6 Torr, deposition pressure 
of 20 mTorr and rf power of 100 W. The as-deposited films were then crystallized 
under 700 °C for 3 minutes by rapid thermal processing (RTP).  
 
PZT layer of thickness d1 and BNT film layer of thickness d2 were deposited on the 




top of PZT film namely, PZT/BNT bilayered film; and PZT layer on top on BNT film 
namely, BNT/PZT bilayered film (see Figure 1). The total thicknesses of the bilayered 
films (d1+d2) were controlled at 450 nm – 600 nm while the ratio d1:d2 was varied 
from 1:2, 1:1 to 2:1. The six bilayered films are coded as 150PZT/300BNT, 
225PZT/225BNT, 300PZT/150BNT, 300BNT/150PZT, 225BNT/225PZT, and 
150BNT/300PZT, respectively, where the expected thicknesses of corresponding 
ferroelectric layers are indicated before the abbreviation of the corresponding 
ferroelectric material. Au dots of 0.1 mm in diameter were sputtered on the bilayered 
films as top electrode for characterization of electrical properties. The characteristics 
of the PZT/BNT bilayered films will be detailed in Chapter 4 and those of BNT/PZT 
bilayered films will be discussed in Chapter 5. To understand how the ferroelectric 
films are affected by combining it with a second ferroelectric layer, single layered 
PZT and BNT films of comparable thickness were also fabricated and tested. 
 
Figure 1 Schematic diagram of the bilayered thin films. 
3.2. Electrical Characterizations 
In this study, both ferroelectric and dielectric behavior of the bilayered film were 




the main concern, in this study, fatigue characteristics of the bilayered films were 
particularly examined in detail. 
3.2.1. Ferroelectric Behavior 
 
Figure 2 Output waveform for hysteresis test (modified from [45]). 
 
Figure 3 Notation for switching characteristics extracted from the P-E 




The ferroelectric properties in this study were measured by using a Radiant Precision 
Analyzer RT 66A coupled with a Vision Data Management software. In the hysteresis 
test, the stimulus, as shown in Figure 2, takes the form of a single triangle wave, 
where “E” and “C” are +Pr (remenant polarization) and –Pr respectively, and “D” and 
“B” are +Pmax (maximum polarization) and –Pmax respectively. One cycle of stimulus 
(preset loop) is applied to the sample before the loop measurement takes place to 
ensure that it starts from a known location. It is then followed by a delay of one 
second to allow slow parasitic effects to settle to their quiescent states. Afterward the 
loop measurement is then executed for obtaining the polarization-electric field (P-E) 
hysteresis loops as shown in Figure 3.  
 
The ferroelectric characteristics of the ferroelectric thin films is accessed by a Virtual 
Ground measuring system where the test measures data by monitoring the current 
flow through the sample rather than the voltage across the sample. The measurement 
circuit employed is summarized in Figure 4 below. 
 




Test signals (Vinput) are sent to the sample through PrecisionPro Drive. The 
transimpedance amplifier is an amplifier that converts current to voltage (Voutput), 
while maintaining the Precision ProReturn terminal at a Virtual Ground potential. The 
ratio of Voutput to Vinput is expressed in Equation (3.2-1) below. Since the Vinput and 
resistance of the high precision resistor (R) in the transimpedance amplifier gain stage 





output ⋅⋅−= π2        (3.2-1) 
The measurement of Voutput has to be done with the aid of an integrator. An integrator 
contains a circuit that is opposite to the transimpedance where the capacitive sample 
is replaced with an input resistor and the high precision resistor is substituted by a 
feedback capacitor. This configuration measures the integral of all Vouput pulse 
generated from the transimpedance. With the Voutput obtained from the integrator, the 
integrated charge from the sample can then be easily worked out according to 
Equation (3.2-1). 
3.2.2. Dielectric Properties 
Dielectric properties in this project are acquired by using a Solartron dielectric test 
system. It consists of a Frequency Response Analyzer and a 1296 dielectric interface 
that is controlled by a PC via GPIB (IEEE 488) interface bus. The 1296 dielectric 
interface consists of an ultra-high sensitivity multi-range current to voltage converter, 
an attenuator for noise-free low level stimulus of the sample, a DC rejection circuit 
and some high precision reference capacitors. In the test, raw measurements are made 







Y 1=         (3.2-2) 
Complex capacitance is related to admittance by 
 ** YCj =ω         (3.2-3) 
Therefore with the complex capacitance and sample dimensions known, the sample 
permittivity can be obtained, since 
 
A





r =         (3.2-5) 
3.2.3. Fatigue Characteristics 
 
Figure 5 A schematic showing polarization dynamics over a broad time 
scale from 1 ps to 10 years. The regimes of interest in various phenomena are 
also indicated (modified from [4]). 
In studying the durability of a NVFRAM material, a fatiguing is applied to the 




correctly throughout. Since the polarization fatigue occurs in a time regime that is far 
longer than the dipolar fluctuation and polarization switching as shown in Figure 5, to 
avoid the unrealistic duration in implementing the test, the process is often accelerated 
by applying excessive voltage. RT 66A is again utilized to apply a repeating bipolar 
electrical stressing field with a preset waveform and frequency that mimics the 
write/read operations. Throughout the test, the polarization state is characterized from 
time to time. In the process, difference between switching polarization (Psw) and non-
switching polarization (Pnon-sw), i.e. switchable polarization (Pswitchable), is often plotted 
as a function of the switching number (N) in log scale [28]. Psw is generated from both 
ferroelectric domains and dielectric components while Pnon-sw is generated only from 
dielectric components, where it consists of back switching from biases-saturated state 
to zero-bias state and discharging of the linear capacitor [46]. Therefore Pswitchable is a 
measure of switchable ferroelectric domains in the sample.  
 
Details of the measurement are as follows. At each N, Psw and Pnon-sw are obtained by 
integrating of the current response from the capacitor upon the application of the 





Figure 6 Bipolar pulse for the measurement of switching and non-switching 
polarization change (modified from [45]). 
Again, the first pulse is applied to the film to ensure that the measurement starts from 
a known location. This first pulse (negative) changes the polarization state from “A” 
to “B” (see Figure 3). The second pulse of opposite sign (positive) is then applied 
after a preset delay time and one measurement will be captured at the top of the pulse. 
During the delay time, the sample relaxes from “B” to “C” and the second pulse 
brings it to state “D”. Since the sample is left in the opposite direction by the first 
pulse, the measurement on the top of the second pulse actually captures the Psw of the 
sample.  The third pulse has the same sign as the second one (positive). Two 
measurements are made here: one at the top of the pulse (“D”) and one at the bottom 
(“E”). Since the sample was already positively polarized, the difference of the two 
measurements at third positive pulse measures the Pnon-sw [45, 47]. Similarly, -Psw and 
-Pnon-sw can be obtained from the fourth and fifth pluses that are in negative direction. 
From the ±Psw and ±Pnon-sw, the ±Pswitchable can then be worked out and plotted against 




3.3. X-Ray Diffratometry (XRD) 
In the present study, a Bruker AXS D8 Advance X-ray Diffractometer is employed. In 
the X-ray source, fast moving electrons are bombarded at the target metal (usually Cu 
or Mo) to generate X-ray as well as heat upon the rapid deceleration of electrons. The 
X-ray used by the Bruker AXS D8 is generated from Cu. Generally, the 
electromagnetic radiation used in determining the sample structure is a hard X-ray 
with typical photon energies (Ephoton) in the range of 1 keV – 120 keV, where its 
corresponding wavelength (λ) that is comparable to the size of atom, according to 
Ephoton and λ relationship as elaborated in Equation (3.3-1). In this study, a Kα line 
with λ of 1.54 Å was acquired, which corresponds to Ephoton of 40 keV. 
 λ
hcE photon =         (3.3-1) 
Where h is Plank’s constant and c is the speed of light. 
 
Figure 7 Schematic denoting the relative position of X-ray source, detector 
and sample stage in X-ray diffractometer. 
According to the Bragg’s Law, 




diffraction of X-ray only occurs at Bragg’s angle (θB), where d is the lattice spacing. 
Glancing incidence mode is used in this study. In this operation mode, the incident 
angle of source is fixed at 5° while the detector is scanned from 2θ = 20 – 60° (see 
Figure 7). The use of the low incident angle ensures data obtained is surface specific. 
To identify the phases formed in the sample, XRD patterns and their intensities are 
compared with the corresponding powder diffraction file (PDF), a database consisting 
of information on peak positions as well as relative intensity of many materials. By 
checking the consistency of peak positions with PDF, the type of phases formed in the 
film can be confirmed; while the relative peak intensity in the spectrum gives an 
indication on the film orientation. 
3.4. Raman Spectroscopy 
 




A Raman spectrometer (U1000 Jobin-Yvon double monochromator) is used to 
examine the short-range order of the ferroelectric thin films (see Figure 8). The 
spectrometer is coupled with a cooled GaAs photomultiplier and 514.5 nm line of an 
argon green laser. Laser is selected as the excitation source in Raman spectroscopy for 
its very narrow, highly monochromatic and coherent beam that can be focused into a 
very fine spot on a small sample [48]. The output power of the laser was kept within 
45 mW, while a cylindrical lens was used to avoid overheating of the sample. 
 
In the measurement, a laser beam is shined on the film sample, photons scattered 
sideways by the film are then collected into a grating monochromator with the aid of 
collecting lens. Upon laser illumination on the sample, photon-molecule collision 
occurs. This collision leads to an energy exchange between the laser beam and 
vibrating/rotating molecules. The energy difference between the source and the 
collected light hence reflects to the vibration/rotation energy levels in the sample. The 
collected signal is measured by a sensitive photomultiplier, and the amplified signal is 
then processed by a computer that plots the Raman spectrum. In the spectrum, 
intensity of photons is plotted against the corresponding frequency which is expressed 
in cm-1. Rotation mode is reflected in the frequency range of ~0.1 – 100 cm-1; while 




3.5. Scanning Electron Microscopy (SEM) 
 
Figure 9 Schematic diagram of a Secondary Electron Microscope. 
A FEI XL-30 Scanning Electron Microscope (SEM) with Field-Emission Gun (FEG) 
was used in the study of surface morphology as well as film thickness measurement in 
this project (see Figure 9). SEM is one of a few imaging techniques that provides high 
resolution and large depth of field simultaneously [49]. An electron beam with energy 
ranging from few hundred eV up to 50 keV is focused by condensing lenses into a 
very fine focal spot of ~5.0 nm on a conducting sample surface. Penetration of the 
primary electron beam into the sample depends on the electron energy and atomic 
number of elements in the sample. The incident electrons then interact and exchange 
their energy with the atoms in the sample. Upon the interaction, electrons of a wide 
range of energies are emitted from the surface in the region near the incident beam. 
These electrons include backscattered primary electrons and Auger electrons, but the 




processes. In the imaging mode, where surface morphology is of interest, the 
secondary electrons with energy <50 eV are analyzed. Due to their low energy, only 
those electrons that generated within a few nm from the surface manage to travel out 
of the film surface. The signal is collected by a detector, which is then amplified and 
rendered into a two-dimensional intensity distribution that can be viewed as a digital 
image.  
 
To obtain a two-dimensional image of the film sample surface, the primary beam 
raster-scans the sample surface with the aid of a series of scan coils. Upon 
bombardment by the primary electron beam on the film surface, more electrons can 
‘escape’ from a steep surface and edge than from a flat surface that is perpendicular to 
the beam; the surface morphology can therefore be imaged with good contrast. 
3.6. Atomic Force Microscopy (AFM) 
AFM provides quantitative topographic images of film surfaces (see Figure 10). A DI 
Nanoscope IIIa Multimode Scanning Probe Microscope was used to study the surface 
profiles in this project. This imaging technique probes the film surface with the aid of 
a force probe (tip) loaded on a cantilever. It has the potential for atomic resolution of 
0.1-0.2 nm (lateral), and 1 nm (vertical). A non-contact dynamic imaging mode 
(tapping mode) is adopted in this study. In this mode, an attractive force between the 
tip and film surface, which increases as the tip is brought nearer to the surface, is 
detected. This attraction causes a change in driving frequency, which is near to the 
resonant frequency of the tip, and the change is detected by deflection sensor and then 
analyzed by a lock-in amplifier technique. The feedback circuit in the system then 




deflection sensor signal and original driving signal. The sample is adjusted in z-
direction to maintain a constant in deflection amplitude/phase shift. The movement in 
z-direction is recorded and a three-dimensional imaging of the sample surface is hence 
realized. 
 




3.7. Secondary Ion Mass Spectroscopy (SIMS) 
 
Figure 11 Schematic diagram of a Secondary Ion Mass Spectrometer. 
A TOF-SIMS IV is used in this study to examine the compositional modulation across 
the film thickness so as to monitor each component’s diffusion in the ferroelectric thin 
films (see Figure 11). In an ultra-high vacuum chamber, the sample is bombarded 
with high velocity ion beam (Ar ions in this study), which causes the ejection of 
atoms from the film surface where most of them are neutral and small fractions are 
positively or negatively charged (secondary ions). These charged ions (positive ions 
in this study) are then extracted and accelerated into a mass spectrometer where they 
can be separated according to their characteristic mass-to-charge ratio (
q
m ) and 
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CHAPTER 4 PZT/BNT BILAYERED FILMS 
In this chapter, samples with three different PZT:BNT thickness ratios: 1:2, 1:1 and 
2:1 i.e. 150PZT/300BNT, 225PZT/225BNT and 300PZT/150BNT, respectively, were 
fabricated as described in Section 3.1. The bilayered and single layered films were 
studied and compared by a systematic investigation into their structural and electrical 
properties. 
4.1. Microstructural Analysis 
In this section, phases and microstructures of the bilayered and single layered films 
will be reported and discussed on the basis of the results obtained by using XRD, 
Raman spectrometer, SEM and AFM. The microstructures of the thin films with 
different PZT:BNT thickness ratios will be compared with the single layered BNT 
film, in order to understand the effects of the bottom PZT layer on the top BNT layer. 
4.1.1. XRD 
A Gonio scan (θ – 2θ scan) was carried out on both single layered and bilayered thin 
films to confirm the phase formation. The characterization was conducted at a scan 
speed of 0.008 °/s. Samples were rotated at 30 rpm so that the results obtained 
represented the actual orientation preferences of the film throughout. Figure 12 shows 
that both PZT and BNT layers in the bilayered films crystallized into the desired 
perovskite and layered perovskite structures, respectively. Apparently, the constituent 
PZT and BNT layers were well retained as discrete phases, where no interfacial 
interaction was detected.  
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According to the PDF, randomly oriented PZT has the (110) peak as the strongest 
peak while the intensity of the (100) peak is 12% of that of (110). However, the (100) 
peak intensity in 450PZT was ~25% of the (110) peak intensity according to Fig. 12. 
Also in all the bilayered films, the intensity ratios of (100) to (110) of the PZT phase 
detected were higher than 12% (150PZT/300BNT, 69%; 225PZT/225BNT, 57%; 
300PZT/150BNT, 92%). It is therefore concluded that, the PZT phase was (100) 
preferably oriented. On the other hand, the randomly oriented BNT phase in both 
bilayered and single layered thin films were well retained. 
 
 
Figure 12 XRD patterns of the single layered and PZT/BNT bilayered films. 
4.1.2. Raman Spectroscopy 
There occur three typical peaks in RAMAN spectra of BT: one peak at around 260 
cm-1 corresponding to the TiO6 octahedron torsional bending mode, which is 
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representative of the pseudo-perovskite structure; two peaks around 550 cm-1 and 850 
cm-1 relating to the TiO6 stretching mode [40, 80]. On the other hand, typical peaks 
for PZT in its RAMAN spectra include: one broad peak at 280 cm-1 due to the O-Ti-O 
bending vibration, a very broad strong peak at about 570 cm-1 that can be assigned to 
the transverse optic mode of the Ti-O stretching vibrations in the TiO6 octahedron, 
and weak peaks at 710 cm-1 and 720 cm-1 denote the longitudinal optic pair of TiO6 
octahedron [50].  
 
Both BT and PZT peaks were visible in the RAMAN spectra of the PZT/BNT 
bilayered films without any shifting in position, implying the retention of short-range 
order in the bilayered films (see Figure 13). BT peaks from the top BNT layers were 
generally more visible than PZT peaks from the bottom PZT layers owing to the weak 
penetration of the laser source in the RAMAN spectrometer. 
 
Figure 13 RAMAN spectra of the single layered and PZT/BNT bilayered 
films. 
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4.1.3. SEM Microscopy 
Figure 14 shows the cross sectional views of the bilayered films. Smooth surfaces of 
the top layers and a good adhesion between the top and bottom layers were observed. 
The upper BNT layers appear to be grainy while the lower PZT layers are in columnar 
structure. Both layers appear to be homogeneous and densely packed without any 
visible void being present. 
 
Unlike the gradual composition modulation across the layer/layer interface as 
observed by using SIMS, which will be shown in Section 4.1.5 shortly, the cross 
sectional views obtained by SEM demonstrate discrete layer/layer interface owing to 
different morphology of the two ferroelectric layers which allowed the measurement 
of the film thickness for each sample being performed with ease. For each sample, 
five positions were selected randomly for the thickness measurement. The averaged 
thicknesses thus obtained were then used in further characterization of electrical 
properties, as will be reported in the following sections. Table 1 shows the averaged 
thickness of each ferroelectric layer in the samples as well as their total thicknesses. 
 
Figures 15(a)-(d) show the SEM images (plan-view) of the BNT layer in the bilayered 
films as well as single layer BNT film. All films were shown to be dense with no 
apparent void being observed. The BNT exhibited plate-like grains in single layered 
film [see Figure 15(d)], however it became granular when a PZT layer was inserted in 
the bilayered films [see Figures 15(a)-(c)]. Furthermore, as compared to the single 
layered 450BNT film, the PZT/BNT films appeared to be more homogeneous with 
smaller grain size. Therefore it is apparent that the grain growth of BNT layer was 
affected by the PZT layer beneath it. 







Figure 14 SEM micrographs showing cross sections of PZT/BNT films at 
various PZT:BNT  ratios. (a): 150PZT/300BNT, (b): 225PZT/225BNT and (c) 
300PZT/150BNT, respectively. 
Table 1 Total and individual layer thicknesses of PZT/BNT films. 
Sample 
Content 
150PZT/300BNT 225PZT/225BNT 300PZT/150BNT 
PZT layer 159.75 ± 5.08 nm 231.40 ± 11.08 nm 289.40 ± 26.43 nm 
BNT layer 287.25 ± 15.86 nm 268.40 ± 17.21 nm 158.40 ± 13.46 nm 

























Figure 15 SEM micrographs showing texture of BNT layer in (a) 
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4.1.4. AFM Microscopy 
Figures 16(a)-(d) show topographies of the BNT layers in the bilayered and single 
layered films as observed by using AFM. Consistent with the observation of SEM, 
AFM also confirmed the morphological change in the bilayered films. Figure 16(d) 
shows that 450BNT possesses a typical morphology of a BT film on platinized silicon 
substrate, i.e. plate-like grains. However, in the bilayered film where a BNT layer was 
grown on the perovskite PZT layer, the BNT grains appeared to be granular while 
plate-like BNT grains were hardly visible [see Figures 16(a)-(c)]. 
 
AFM also provides information on the sample roughness which is one of the 
important parameters that affects the film quality. In the surface roughness (Rq) 
measurement by AFM, it was found that in addition to the grain shape change, PZT 
layers in the bilayered films also promoted a smoother film surface in BNT layers. As 
shown in Figure 17, 450BNT film had a roughness of 17 nm, which was much 
rougher as compared to the bilayered films (~13 nm). Generally, a smoother film 
ensures a better contact between the film and the top electrode hence better electrical 
properties could be expected. 






Figure 16 AFM micrographs showing the microstructures of the top BNT 
layer in (a) 150PZT/300BNT, (b) 225PZT/225BNT, (c) 300PZT/150BNT and (d) 
450BNT, respectively. 
 
Figure 17 Roughness (Rq) of the 450BNT and PZT/BNT bilayered films. 
(a) 1 μm (b) 1 μm 
(c) 1 μm 1 μm (d) 




In the examination of compositional modulation across the bilayered film, the 
300PZT/150BNT was selected for SIMS study. The results are as shown in Figure 18 
below. Since BNT was the top layer, Bi, Nd, Ti and O atoms were first detected as 
observed on the left of the spectrum. The intensities of the four atoms were steady 
before it reached the interface between the top and bottom layers. Across the 
PZT/BNT interface, the intensity counts of Bi and Nd dropped, while Pb and Zr that 
arose from PZT bottom layer increased. The changes in the intensities of 
compositions from both layers across the layer/layer interface were not sharp. 
Although both ferroelectric layers shared the Ti and O atoms, the two elements 
showed a minimum in intensity at the interface. The intensities of Pb, Zr, Ti and O 
atoms detected from PZT bottom layer only appeared to be stabilized at ~250 nm 
from the surface, where the thickness measurement as shown in Table 1 suggests that 
PZT layer should appeared at 158nm (the thickness of BNT layer) from the surface.  
 
 
Figure 18 SIMS intensity counts of elements in the 300PZT/150BNT 
bilayered film over the sputtered depth of 448 nm. 
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4.2. Ferroelectric Properties 
This section describes the ferroelectric behavior of the PZT/BNT bilayered films, by 
comparing them with those of the PZT and BNT single layered films individually. By 
studying the polarization behavior of the bilayered films carefully, the contributions 
from each of the two constituents to the ferroelectric behaviors in bilayered films are 
understood. 
4.2.1. P – E Hysteresis Loop 
RT66A was used to obtain P-E hysteresis loops (see Section 3.2.1). The frequency of 
the stimulating triangular wave used in the test is 1 kHz. Figure 19 shows the P-E 
loops for both the bilayered and single layered films measured at 100, 300 and 500 
kV/cm. It was found that the bilayered films behaved rather differently from the 
single layered PZT and BNT films. P-E loops of both single layered PZT and BNT 
films were well-saturated and squarish [see Figures 19(a) & (b)] [51, 52]. The P-E 
loops of all the bilayered films [see Figures 19(c)-(e)], however, were much like 
parallelograms. The hysteresis tests on the bilayered films were continued by keep 
increasing the applied voltage. But their P-E loops remained parallelogram-like and 
did not become properly saturated before the electrode broke down at around 1000 
kV/cm. The possible reasons for the unsaturated P-E loops could be: 
(i) There exists a depolarizing layer that screens the ferroelectric bulk from the 
actual applied voltage. This makes the electric field sensed by the ferroelectric bulk 
become much smaller than the actual applied value (Ef = Eapplied – Edepolarizing). If the 
saturating electric field required (Ef, saturating + Edepolarizing) is higher than the breakdown 
electric field of the electrode, no saturated P-E loops can ever be obtained. 
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(ii) Some domains in the ferroelectric phases are pinned. Therefore as the applied 
electric field increases, more and more pinned domains can be depinned. Similarly, if 
the applied electric field required to depin all the pinned domains is higher than the 
breakdown electric field of the electrode, the P-E loops can also never become 
saturated. Such depinning process allows the restoring of an unsaturated P-E loop to a 
saturated one. 






Figure 19 P-E hysteresis loops of (a) 450PZT, (b) 450BNT, (c) 
150PZT/300BNT, (d) 225PZT/225BNT and (e) 300PZT/150BNT, respectively. 
In Figure 20, remanent polarization (Pr) and coercive electric field (Ec) of all samples 
measured at an applied electric field of 500 kV/cm were plotted against the thickness 
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t ). The combination of PZT with 
BNT had upset the Pr by more than 50% of that of PZT. It was also found that the Pr 
of the bilayered films greatly depended on the layer thickness of PZT, where they 




t . Under the applied electric field, bilayered films 
150PZT/300BNT, 225PZT/225BNT and 300PZT/150BNT exhibit a Pr of 5.9, 6.7 and 
10.3 μC/cm2, respectively. These Pr values however were greatly improved as 
compared to the heterolayered film Pt/BLT/PZT/BLT/Pt prepared via a sol-gel route 
[26], which only showed a Pr of 4.4 μC/cm2.  
 
Ec of 150PZT/300BNT, 225PZT/225BNT and 300PZT/150BNT at 500 kV/cm were 
measured to be 99.8, 69.2 and 73.6 kV/cm respectively. This shows that the PZT layer 
in the heterostructure had greatly reduced the Ec of single layered BNT film by up to 
60 %. 





Figure 20 Plots of Pr (upper) and Ec (lower) of the single layered and 
PZT/BNT bilayered films against tPZT/ttotal at 500 kV/cm. 
4.3. Dielectric Properties 
In this section, the general dielectric behavior of both the single layered and bilayered 
films will first be reported. More in-depth investigations will also be carried out by 
using the series connection model to understand the interactions between PZT and 
BNT layers in the bilayered structure. Lastly the effect of the layer/layer interaction 
on domain walls displacement will be then discussed on the basis of the Rayleigh law. 
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4.3.1. Dielectric Constant & Loss Tangent 
As shown in Figure 5 in Section 3.2.3, temporal fluctuations and spatial variations of 
the dielectric responses occur at short time range (100 mHz – 1 MHz). Therefore, rε  
and tan δ in this frequency range were of particularly interest in the study of dielectric 
responses. Figure 21 shows the dielectric properties of the bilayered as well as the 
single layered films measured by ac stimulus with amplitude of 0.1 V (r.m.s.) at a 
drive frequency of 10 kHz. It was observed that the values of rε  of the bilayered films 
were smaller than 450PZT (704) but larger than 450BNT (95). On the other hand, the 
heterostructure was found to be very successful in reducing tan δ of the single layered 
BNT films (by up to 75 %). The improved dielectric loss is attributed to the smoother 
film surface as detected by AFM as elaborated in Section 4.1.4. 
 
Figure 21 (a) rε  and (b) tan δ of the single layered and PZT/BNT bilayered 
films, against tPZT/ttotal at 10 kHz. 
4.3.2. Series Connection Model 
This section will first demonstrate the existence of a low- rε  layer in both PZT and 
BNT single layered films. It is from this analysis, the intrinsic dielectric permittivity, 
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fε , ( rε  that arises solely from the ferroelectrics bulk) and the dielectric permittivity 
due to the low- rε  layer, iε , can be separated from the experimentally measured 
values. Based on the fε  of PZT and BNT obtained, a set theoretical capacitance 
values of the bilayered films that contain this two ferroelectric layers can therefore be 
worked out based on the series connection model. Also, in order to account for the 
contribution from the low- rε  layer that exists in the bilayered film, a second set of 
capacitance values is worked out by including iε  into the calculation. Lastly, the 
measured bilayered films capacitances will be compared with these two sets of 
theoretical values. The adherence of experimental capacitance to one of the two sets 
of theoretical values will hence reveal the significance of a low- rε  layer in the 
heterostructured film. 
4.3.2.1. Series Connection Model in Single Layered Films 
As shown by Equation (1.2-1) in Section 1.2.1, capacitance is related to fε , which is 
independent of dimension but dependent only on the material. In spite of that, the 
thickness dependence of iε  is well documented in many previous publications [23, 51, 
53, 54 & 55]. In the study of the thickness dependence of iε  in PZT thin films by 
Amanuma et al [56], it was shown that there exists a low- rε  layer that causes an 
apparent thickness dependence. According to Lee et al [54], the potential energy for 
defects at the interface is lower than that of the ferroelectric bulk. Therefore it is 
common to have defects accumulating at film/electrode interface to form a low- rε  
layer. For a ferroelectric thin film coupled with top and bottom electrodes, the entire 
capacitor is believed to be made up of three components: bottom electrode/film 
interfacial layer, film bulk and film/top electrode interfacial layer [54]. The 
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capacitance measurement of a thin film then inevitably includes the contribution from 
the low- rε  layer and exhibits a lower rε  than the theoretically expected values. It 
would be easier to understand the contribution of each component to the capacitance 









11       (4.3-1) 
Where ift ddd +=  can be measured from SEM micrograph, Cm is measured 
capacitance, i represent parameters related to the film/electrode interface. Since the 
interfacial layer thickness has been estimated to be ~20 nm [54], which is much 







11       (4.3-2) 
Cm, dt and A can be easily obtained. As one can see from Equation (4.3-2), to obtain 
fε  and 
i
id
ε , ferroelectric films capacitance at various thicknesses are required. By 
plotting the change of 
mC
1  with dt, fε  and 
i
id
ε  can then be obtained from the gradient 
and y-intercept respectively, as shown in Figure 22 below. 




Figure 22 Small signal linear capacitance as a function of the single layered 
film thickness. ■ represents the PZT film; ● represents the BNT film. 
Least square linear fit was performed on each ferroelectric and the respective fitted 
equations and R2 values were shown in Figure 22. fε  and 
i
id
ε  of PZT and BNT thin 
film derived from the gradient and y-intercept of the 
mC
1  in Figure 22 were tabulated 
in Table 2. 
i
id
ε  contains the contribution from the interface between the ferroelectric 








εεε +=       (4.3-3) 
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Table 2 fε  and i
id
ε  of PZT and BNT thin films obtained from the series 
connection model. 
 fε  i
id
ε  (nm) 
PZT 954.36 0.52 
BNT 236.34 4.11 
 
PZTf ,ε  obtained in this study is lower as compared to that of the PZT film deposited 
by organometallic chemical-vapor deposition (OMCVD) (1340) but higher than that 
of the film deposited by metalorganic decomposition (MOD) (748) [51, 57]. BNTf ,ε , 
on the other hand, is much higher as compared to that of the BT film deposited by 
conventional R.F. planar magnetron sputtering technique (140) [58]. It can be seen 
that although Equation (4.3-2) suggests fε  being the dielectric permittivity of the 
corresponding ferroelectric bulk that solely depends on the material, in reality fε  
obtained varies dramatically (Section 4.3.2.1). This is due to the difference in the 
chemical composition in the films prepared via different routes. Different deposition 
techniques involve different processing temperatures and can cause a different degree 
of loss of volatile components, which hence alter the overall chemical compositions in 
the thin films [59]. 
4.3.2.2. Layer/Layer Interaction in Bilayered Films 
In the bilayered films, there are two possible scenarios concerning the constituting 
components: with and without a strong layer/layer interaction.  
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Scenario 1: No PZT/BNT Interfacial layer 
If there is no strong interaction between the two ferroelectric layers, the bilayered film 
would behave as a capacitor as if only two ferroelectric layers connecting in series. To 
predict the capacitance of a bilayered film that has contributions solely from the two 









     (4.3-4) 
where PZTd  and BNTd  can be measured, PZTε  and BNTε  can be worked out as 
mentioned in the previous section.  
 
Scenario 2: With PZT/BNT Interfacial layer 
If there exists an interfacial layer between the two ferroelectric layers, as indicated in 
Figure 23(c), the constituent layer in the bilayered film should include: (from bottom 
to top) Pt/PZT interfacial layer, PZT bulk, PZT/BNT interfacial layer, BNT bulk and 
BNT/Au interfacial layer. 




Figure 23 Schematic of the single layered and bilayered thin film. 





ε  combines the contribution from Pt/PZT 











ε  represents the contribution from Pt/BNT and BNT/Au interfacial layers 







εεε +=      (4.3-6) 
However in the PZT/BNT bilayered film, PZT/Au and Pt/BNT interfaces do not exist. 




too cannot be obtained in this study [55]. In order to make a best estimation on the 
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contribution of PZT/BNT interfacial layer to the bilayered film capacitance that can 







εεε +≈     (4.3-7) 

















4.3.2.3. Series Connection Model in Bilayered Films 
The study on single layered films conducted in Section 4.3.2.1 allows the 




to the measured bilayered film capacitance. With these two parameters in hand, the 
capacitance in the two scenarios mentioned in the previous section could easily be 
worked out. The adherence of the experimentally measured capacitance of the 
bilayered films to either scenario would then reveal how great the interaction between 
the two layers is. If the capacitance of the bilayered film measured matches with the 
prediction in Scenario 1, the two ferroelectric layers are connected in series without 
significant interaction. However if the capacitance matches that of Scenario 2, there 
exists an interfacial layer between the two ferroelectric layers. 
 
Based on the parameters listed in Table 2 in Section 4.3.2.1, the capacitances under 
both scenarios, as described in Section 4.3.2.2, can be worked out. Both predictions 
together with the rε  measured experimentally were plot in Figure 24 below. 




Figure 24 Experimental and theoretical rε  of the PZT/BNT bilayered thin 
films. 
Table 3 below lists the discrepancies between the experimentally measured rε  and the 
predicted ones based on Scenario 1 & 2. The difference between the experimentally 
measured rε  and that included the interfacial layers (Scenario 2) were generally 
below 16 %, while the discrepancy between the experimentally measured rε  and the 
predictions that excluded the interfacial layers (Scenario 1) ranged from 17 to 44 %. 
The standard deviation of the experimental rε  from average value was less than 5 %. 
Table 3 Discrepancies between the experimental rε  of PZT/BNT bilayered 
thin films and those of predicted based on Scenario 1 & 2 as stated in Section 
4.3.2.2. 
 150PZT/300BNT 225PZT/225BNT 300PZT/150BNT 
Scenario 1 34.7% 17.1% 43.7% 
Scenario 2 0.7% 15.9% 10.9% 
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It can be easily observed that the experimentally measured capacitance of the 
bilayered films agreed more closely with the prediction that considered the interaction 
between the two layers.  
4.3.3. Rayleigh Law 
In this section, the origin of the Rayleigh law will first be reviewed. The Rayleigh law 
is often used in studying the defect concentration that presents in a ferroelectric thin 
film [12, 60]. It depicts the dielectric response in the process of domain growth which 
happens at electric field that is lower compared to domain switching (E < Ec). In this 
study, in addition to examination of the defects distribution, the law is used to provide 
a more complete picture on the interactions between the two ferroelectric layers in the 
bilayered films. This helps connecting the observed ferroelectric and dielectric 
responses of the thin films to their heterostructured microstructure. 
4.3.3.1. Origin of Rayleigh Law 
Rayleigh law is formally used in the studies of (anti)ferromagnetic materials as a 
theoretical approach in understanding the interaction of domain walls with the pinning 
centers [61]. It can be expressed in the following form: 
 ( ) HH int υχχ +=        (4.3-9) 
 ( ) 2HHHM int υχ +=        (4.3-10) 
where χ, M and H are the magnetic susceptibility, magnetization and magnetic field, 
respectively. intχ  and Hintχ  are the reversible terms of the susceptibility and the 
magnetization, respectively. The irreversible terms are Hυ  and 2Hυ , where υ  is the 
Rayleigh parameter. Recently, Taylor and Damjanovic [62] demonstrated the above 
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relations could also be applied to the description of the ferroelastic-ferroelectric 
domain walls motion in ferroelectric materials. 
4.3.3.2. Rayleigh Law in Ferroelectrics 
Similar to the Rayleigh law in ferromagnetic study as presented in the previous 
section, the ac electric field dependence of permittivity response of a ferroelectric in 
subswitching regime can be written as follow: 
 0int Er αεε +=        (4.3-11) 
rε  of the ferroelectric is obtained by applying an ac field, )sin(0 tEE ω= , where the 
amplitude of driving ac field ( 0E ) must be smaller than Ec (subswitching field) to 
prevent ferroelectric domain reorientation from contributing to the measured 
dielectric response. intε  and α  are reversible and irreversible Rayleigh parameters 
which describe the intrinsic and extrinsic contribution to nonlinear dielectric response, 
respectively. The rε  obtained in the subswitching measurement corresponds to the 
ratio of the maximum charge stored to driving voltage amplitude [62].  
 
According to Gharb et al [63], the dielectric response of a ferroelectric to 
subswitching field could be divided into three different regions as shown in Figure 25. 
At low 0E  (Region I), rε  is initially a constant with increasing field. There exists a 
threshold field ( 1E ), below which the dielectric and piezoelectric responses are 
independent of 0E . After 1E , rε  increases almost linearly with E0 and the behavior at 
the frontier of Region II and III is sublinear. As reported by Gharb et al [63], the 
sublinear region probably corresponds to the onset of the depoling and switching of 
the domains, and a reduced number of strong pinning interfaces. Finally, in Region III 
PZT/BNT BILAYERED FILMS 
 
59 
(above 2E ), most domains are aligned; the ferroelectricity therefore behaves linearly 
again. In this region, rε  reaches a plateau at the field value close to Ec. 
 
Figure 25  The electric field dependence of dielectric permittivity for the 
300PZT/150BNT at 25 Hz. 
The Rayleigh law focuses on the nonlinearity behavior (Region II), which discloses 
the domain walls displacement in a ferroelectric [62, 63]. When the ferroelectric-
ferroelastic (non-180o) domains walls displace, they will interact with defects 
distributed randomly in the ferroelectric bulk. These defects include vacancies, 
interstitials, pairs of positively and negatively changed defects, and dislocations.  
 
If the domain walls displacement is small, the interaction between the domain walls 
and the defects is reversible. Such interaction force will be a linear function of the 
displacement and the domain walls motion in this case is said to be intrinsic. intε  in 
Equation (4.3-11) is associated with the intrinsic lattice and/or the above mentioned 
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reversible domain walls contribution. On the other hand, if the domain walls 
displacement is large and it will not return to its original position after the removal of 
driving field (hysteresis happens), such displacement is extrinsic. 0Eα  in Equation 
(4.3-11) is associated with the pinning of domain walls. A high 0Eα  denotes a high 
extrinsic contribution to dielectric response where the domain walls in the 
ferroelectric are mobile and not strongly pinned by defects.  
 
In order to probe the domain walls motion in ferroelectric films, the two Rayleigh 
parameters, intε  and α , have to be obtained. The relationship between rε  and 0E  in 
Region II was measured and plotted as shown in Figure 26. intε  and α  were then 
obtained as the y-intercept and gradient of the least square linear fit, respectively, 
according to Equation (4.3-11). As shown in Figure 27, intε  of 450PZT and 300BNT 
were 1090.63 and 284.91 respectively; while those of the bilayered films range from 
298 to 518, which lied within that of the single layered films (c.f. Figure 21(a) where 
rε  of bilayered films also laid between that of PZT and BNT single layered films). It 
was found that intε  also increased with increasing PZT layer thickness. Therefore it 
could be clearly seen that, the intrinsic contributions to dielectric behaviors in the 
PZT/BNT bilayered films were closely related to the thicknesses of their constituents, 
as expected. 
 
On the other hand, α  of the PZT/BNT bilayered films (0.51 – 2.24 m/V) were 
generally smaller than that of 450PZT (11.05 m/V). This implies that the domain 
mobility of the bilayered films was poorer than that of the single layered PZT film. 
This will be confirmed shortly in a more detailed study in Sections 4.3.3.4 & 4.3.3.5. 




Figure 26 Field dependence of rε  measured for the single layered (a) – (b) 
and PZT/BNT bilayered films (c) – (e) at different frequencies. The full lines 
represent best fits to Equation (4.3-11). 




Figure 27 The reversible and irreversible parameters, intε  and α , of single 
layered and bilayered films at 1 kHz extracted from Figure 26. 
4.3.3.3. Validity of Rayleigh Law 
Before proceeding to use the Rayleigh parameters ( intε  and α ) in analyzing the 
domain walls motion, the reasonableness of applying the Rayleigh law on the PZT 
and BNT thin films need to be accessed. For a ferroelectric that obeys the Rayleigh 
law, its P-E relation should also follow the same law in addition to its dielectric 
response [62]. It suggests that the P-E hysteresis loop can be formulated in analogy 
with the magnetic case as follows: 
 ( ) )EE(EEP int 2200 2 −±+=
ααε      (4.3-12) 
where “+” stands for decreasing electric field and “–” for increasing electric field. The 
reasonableness of applying the Rayleigh law could therefore be verified by checking 
the congruency of the experimentally measured P-E loop to the P-E loop that was 
worked out from Equation (4.3-12), by substituting the Rayleigh parameters into the 
equation, as shown in Figure 27. 
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It can be clearly seen from Figures 28(a)-(e), that the modeled P-E loops were very 
close to the experimental data. Hence it can be confirmed that the Rayleigh law could 
be reasonably used in the investigation of the domain walls mobility of the 
ferroelectric thin films in study.  
 
Having confirmed that Rayleigh law could be applied to the thin film samples in this 
study, the investigation into the domain walls motion in the films could begin by 
examining the threshold fields of nonlinearity regime and the ratio of irreversible 
contribution to the nonlinear dielectric response. 




Figure 28 Polarization vs. field hysteresis loop for 0E  = 50 kV/cm at 100 Hz. 
Circles correspond to experimental data and the full lines are calculated with 
Equation (4.3-12), with intε  and α  extracted from Figure 27. 
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4.3.3.4. Threshold Fields 
Dielectric nonlinearity refers to cases where rε  are dependent on the driving electric 
field. As explained in Section 4.3.3.2, the dielectric response in subswitching field 
changes linearly with field amplitude only within the range of 1E  to 2E , where 1E  
denotes the onset of nonlinearity. In nonlinearity, P response to E becomes strongly 
nonlinear [64]. At E < E1, P increases linearly with the amplitude of E since the 
applied field is not strong enough to switch domains with unfavorable polarization 
directions. However in the nonlinearity regime, the applied E is strong enough to 
increase the polarization by switching the unfavorable domains to the direction of the 
applied E, P hence becomes strongly nonlinear. Therefore 1E  is a measure of the 
energy required to trigger the irreversible response of ferroelectric film to applied ac 
field, which reveals the degree of domain walls pinning in the material. As seen in 
Figure 29(a), 1E  of PZT and BNT was 11 and 19 kV/cm, respectively; while that of 
the bilayered film were generally higher than that of PZT but lower than that of BNT 
film. 





Figure 29 (a) 1E  and (b) 2E  of the single and bilayered films obtained from 
Figure 26. 
2E , on the other hand, denotes the electric field required for the onset of depoling in 
the films. As mentioned in Section 4.3.3.2 at 1E < E < 2E  (nonlinearity regime) 
domains with favorable orientations are switched to the field direction while being 
obstructed by the randomly distributed defects exist in the film. It is the random 
distribution of defects that causes the nonlinearity regime to spread over a range of 
electric field instead of just occurring at a specific electric field. 2E  denotes the upper 
limit of the nonlinearity regime, therefore represents the upper limit of the motion 
energies distribution of defects. As shown in Figure 29(b), 2E  of the single layered 
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PZT and BNT films were 28 and 33 kV/cm respectively. This value for the PZT film 
is very close to the reported  2E  of 26 and 27 kV/cm for (111) and (100) oriented 
films, respectively, in the dielectric nonlinearity study by Ghard and McKinstry [63]. 
However, those of the PZT/BNT bilayered films were higher (33 – 39 kV/cm). This 
indicates that there exists a larger motion energy distribution of defects in the 
PZT/BNT bilayered films when compared to that of the single layered film, and 
therefore a higher field is required for the onset of depoling. This is also consistent 
with the observation in Section 4.2.1, where Ec of all the bilayered films appeared to 
be larger than that of the PZT single layered film. 
4.3.3.5. Domain Walls Pinning 
As discussed in Section 4.3.3.2 it is important to understand the domain walls 
displacement in ferroelectric thin films in the subswitching regime. 
0Eintr αεε +=        (4.3-11) 
Equation (4.3-11) breaks down the dielectric response in this regime into two 
contributions, i.e. intε  and 0Eα . The study result obtained by using SIMS in Section 
4.1.5 showed that the combination of two ferroelectric layers introduces a higher level 
of defects at the interfacial layer. Therefore the irreversible domain walls 
displacement is expected to be affected greatly, since it reflects the interaction of 
domain walls with the defects in the ferroelectric.  
 
The contribution of irreversible domain walls displacement to the total dielectric 




α 0 . The contributions in both 
single layered and PZT/BNT bilayered films were calculated and shown in Figure 30. 
It was found that all PZT/BNT bilayered films demonstrated a smaller irreversible 
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domain walls displacement contribution to the dielectric behavior in the subswitching 
field. As also mentioned in Section 4.3.3.2, this suggests that the domain walls 
mobility in the PZT/BNT bilayered films was poorer due to the enhanced interaction 
between domain walls and defects. In other words, the defects existed in the 
PZT/BNT bilayered films at their PZT/BNT interfacial layer induced a stronger 
domain walls pinning than that in the single layered films. 
 
Figure 30 Irreversible domain walls displacement contributions in the single 
layered and PZT/BNT bilayered films at 1 kHz with field amplitude of 20 kV/cm. 
Rayleigh parameters were obtained from the dielectric measurement in subswitching 
regime. The fitting of P-E loops by using the obtained parameters indicated that the 
Rayleigh law was valid for both the single layered and PZT/BNT bilayered thin films. 
Analyses on the threshold fields and the irreversible domain walls displacement 
concluded that there existed a stronger domain walls pinning effect in the PZT/BNT 
bilayered films as compared to that in the single layered film. 
 
The reason that caused the difference in the extent of domain walls pinning between 
the single layered film and bilayered films was due to the existence of the PZT/BNT 
interfacial layer in the bilayered structure. It was due to this pinning of domain walls, 
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degraded ferroelectric properties were observed for the bilayered films, as shown in 
Section 4.2. 
4.4. Fatigue Properties 
As fatigue endurance is one of the main parameters concerning the performance of a 
ferroelectric thin film, this section studies the fatigue characteristics of both the single 
layered and bilayered thin films. Before that, a short review will be given on the 
studies of polarization fatigue achieved so far. 
4.4.1. Polarization Fatigue in Ferroelectrics 
Even though the exact fatigue mechanism still remains controversial to date, many 
researchers believe that it is associated with domain walls pinning by oxygen 
vacancies ( ••OV ) that accumulate near film/electrode interface [54, 65, 66, 67 & 68]. 
Domain walls pinning is related to the interaction between the bound charges on 
polarization domain walls and mobile charge carriers (e.g. ions, electrons and holes) 
[28]. 
 
In a ferroelectric thin film, there is always a mismatch at the film/electrode interface 
as a result of interfacial energy difference. This interface tends to split into two 
separate structures with the formation of interface traps and gives rise to formation of 
defects plane at the interface between film and electrode [65, 69]. During the fatigue 
test, the application of electric field cycling induces multiple knocking of domain 
walls on defects or defects dipoles that includes ••OV  and causes those defects to 
redistribute [28, 70, 71 & 72]. Among the studies on fatigue phenomenon, Scott et al 
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[70] confirmed the correlation of ••OV  with polarization fatigue through series of 
quantitative measurements of space charge effects in PZT thin films.  On the other 
hand, there exist bound charges on the domain walls arising from a local violation of 
wall electroneutrality, div P = 0. These charges appear, for instance, on an 180o wall, 
that is not exactly parallel to the polarization direction in the domains. The positively 
charged ••OV  will then form electroneutral complexes, “wall+compensating charge”, 
with those bound charges on domain walls by electrostatic coupling [see Figure 31(b)] 
[73]. As the number of polarization switching cycles increases, more and more defects 
as well as defect complexes with domain walls will be formed [28]. The complexes 
are immobilized when the defects are trapped at deep levels in the forbidden gap of 
the ferroelectrics. This hence leads the ferroelectric film to polarization fatigue. 




Figure 31 Schematic showing domain walls pinning: (a) Bound charges with 
domain walls that is not parallel to the polarization direction; and (b) Bound 
charges interact with ••OV  to form electroneutral complex. 
4.4.2. Fatigue Characteristics 
In the fatigue test of the present study, polarization switching was carried out by 
applying square wave with field amplitude of 300 kV/cm at 200 kHz. During the 
polarization switching, polarization responses, including ±Psw and ±Pnon-sw of both the 
single layered and bilayered films at different switching numbers were recorded (see 
Section 3.2.3). Pswitchable was then calculated by taking the difference of Psw and Pnon-sw. 
The average value of both positive and negative Pswitchable was calculated and 
normalized as shown in Figures 32(a)-(e). 











Figure 32 Left: Change in Pswitchable with number of switching; Right: P-E 
loop at 300 kV/cm before and after polarization switching for the single layered 
and PZT/BNT bilayered films. 
Figure 32(a) shows the fatigue characteristics of 450PZT. As reported in many studies, 
after 106 of switching cycles, normalized Pswitchable degraded by 40 % while Ec 
increased by 40 % [9, 28, 69 & 74]. As mentioned in Section 4.4.1, many studies 
attributed this phenomenon to the locking of domains by charged defects, such as 
••
OV . On the other hand, 450BNT showed little change in both Pr and Ec up to 10
10 
switching cycles. The fatigue free nature of BNT, as mentioned in Section 2.1.2, is 
attributed to the less volatile Nd substitution for Bi which leads to an improvement in 
the stability of oxygen atom in the BT lattice hence decreases the ••OV  density. 
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Interestingly, the fatigue endurance of the PZT/BNT bilayered films neither 
resembled any of the two constituents, nor compromised to give to moderate fatigue 
endurance. The Pswitchable of all the three bilayered films were found to be enhanced by 
1.5 – 7 times of the initial Pswitchable after the repeated polarization switching. Their P-
E loops also changed from initially long and slimy to loosely and fat ones. The fat 
loop denotes that there was an increase in both Pr and Ec, while loosely loop with 
rounded tip indicates that there is an increase in defects concentration after the 
polarization switching. This unusual phenomenon was also encountered in SiO2-
coated Pb(Zr0.53Ti0.47)O3 reported by Du and Chen [57], multilayered 
Pb(Zr0.8Ti0.2)O3/Pb(Zr0.2Ti0.8)O3 reported by Jiang et al [67] and (100) 
Pb(Zr0.15Ti0.85)O3 reported by Kohli et al [71], and the likely reasons to this 
observation will be investigated in Section 4.5. 




Figure 33(a) Fatigue characteristics of the PZT/BNT bilayered films at various 
thickness ratios measured at 200 kHz bipolar square wave with amplitude of 300 
kV/cm; (b) Dependence of Nmax on PZT layer thickness ratio. 
When the fatigue characteristics of all three bilayered films were compared as shown 
in Figure 33(a), it was realized that the N where the polarization peak happens (Nmax) 
decreases with the increasing thickness of the PZT layer. 
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4.5. Unusual Fatigue Behavior 
In this section, evidences will be collected systematically from all aspects of the 
electrical behavior of the PZT/BNT bilayered films to understand the reason(s) behind 
the abnormal fatigue characteristics observed in the previous section. 
4.5.1. Proposed Reasons 
As mentioned in Section 4.4.2, the unusual fatigue behavior had been encountered by 
several research groups, including Du and Chen [57], Jiang et al [67], and Kohli et al 
[71]. 
 
Du and Chen [57] believed that in their SiO2-coated Pb(Zr0.53Ti0.47)O3 thin film, the 
insulating SiO2 acted as a capacitive blocking layer that blocked part of the external 
voltage. SiO2 possesses thermal expansivity that is different from that of the 
ferroelectric thin film beneath it. This caused the oxide layer to be fragile and easily 
failed after repeated switching. The lost of this blocking layer caused an increase in 
applied voltage on the ferroelectric thin film, hence the unusual increase in 
polarization. 
 
While Dawber and Scott [65] believed that fatigue phenomenon is caused by domain 
wall pinning, Jiang’s model revealed that domain walls can be depinned [67]. Kohli et 
al [71] also suggested that the improved polarization with N that they observed in the 
PZT thin film is due to the depinning of charged defects from domain walls. This 
conclusion has been further agreed by the detailed calculation conducted by Jiang et 
al [67]. Despite causing ••OV  to be trapped at the film/electrode interface (see Section 
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4.4.1), switching polarization can also cause the migration of electrons from bulk to 
the interface [67, 75]. The domain walls depinning therefore could be used to describe 
the process in which the positively charged ••OV  being compensated by those 
electrons at interface to restore the domain walls mobility. According to Yuan et al 
[76], domain walls depinning can also describes the process in which the charges that 
pin the domain walls are detrapped and pushed along the moving domain walls under 
the assistance of external electric field. 
 
Therefore, there exist two possible reasons to the unusual fatigue behavior observed: 
(i) breakdown of a blocking layer in the thin film that causes the increase in 
Pswitchable with N (Section 4.5.2); 
(ii) depinning of domain walls during polarization switching (Section 4.5.3). 
Based on these considerations, thorough investigations have been carried out, as will 
be shown in the next two sections, in order to come out with a complete model that 
explains the occurrence of such abnormal fatigue behavior for the bilayered thin films. 
4.5.2. Breakdown on Ferroelectric Layer 
In this section, the theory proposed by Du and Chen [57] will first be verified. As 
mentioned in the previous section, similar polarization peak was detected in the 
fatigue test by Du and Chen [57]. They proposed that in the course of polarization 
switching, thermal stress was introduced to the thin SiO2-overcoat on the PZT film 
which caused the eventual breakdown of the SiO2-overcoat. This exposed the 
ferroelectric layer to a larger fraction of the applied electric field; a higher polarization 
was hence detected. 
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The simultaneous increases of Pr and Ec after polarization switching observed in the 
present study also suggested that the PZT/BNT heterostructure sensed a higher 
fraction of applied electric field after fatigue test. However, it was discovered that 
after aging the tested bilayered film at room temperature for 2 hours, the Pr and Ec 
were found to slowly restore to their initial states as shown in Figure 34. The Pr and 
Ec values were found to be stabilized after 3 days. Therefore the increase in Pswitchable 
owing to the irreversible breakdown of BNT or even PZT ferroelectric film is less 
likely for the fact that the change in the P-E loop was reversible where it could be 
restored and then stabilized after aging. The observation in the fatigue test on the 
PZT/BNT bilayered films therefore could not be accounted by the explanation of Du 
and Chen [57]. 
 
Figure 34 P-E loop of the 300PZT/150BNT heterostructure measured before 
polarization switching, immediately after polarization, and some time after 
polarization switching. 
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4.5.3. Depinning of Domain Walls 
Since the breakdown of either constituent layers (PZT or BNT) was not observed in 
the PZT/BNT bilayered films, depinning of domain walls could be the reason that 
triggered the abnormal fatigue characteristics. As shown in Section 4.4.2, both single 
layered films (450PZT and 450BNT) did not show similar unusual fatigue behavior. It 
is therefore believed that the unusual fatigue behavior is related to the defects that 
were found to accumulate at the PZT/BNT interfacial layer, according to the 
structural and electrical characterizations, as shown in Sections 4.1.5, 4.3.2 and 4.3.3. 
 
In the thin film heterostructure, the potential energy for defects to accumulate at the 
interface is more favorable than at the ferroelectric bulk according to the study of 
Dawber and Scott [65]. On the basis of this, Jiang et al [77] attributed their 
observation in PLZT thin film, to the depinning of domain walls occurring at the 
film/electrode interface. In order to verify this theory, the defect concentration in the 
film first has to be studied. 
4.5.3.1. Change in Dielectric Response during Polarization Switching 
Dielectric response is the simplest and most direct way to probe the defect 
concentration in the film during the application of polarization switching. Figure 35 
shows rε  and tan δ of both the single layered and bilayered films as a function of 
frequency at different stages of polarization switching. It was observed that rε  of the 
450PZT decreased with increasing N [see Figure 35(a)]. It was also found that its 
dielectric response became more and more frequency dependent at higher N. On the 
other hand, rε  of both 300BNT and 300PZT/150BNT increased and become more 
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frequency dependent with increasing N [see Figures 35(b) & (c)]. tan δ of all films 
were elevated after polarization switching. 
 
Mihara et al [78] attributed the decrease of rε  at zero bias as observed in the 450PZT 
to the suppression of domain motions after polarization switching. While the increase 
in frequency dependence as observed in Figure 35 was due to the increase of space 
charges concentration according to Cillessen el at [79]. They believed the presence of 
space charges could cause rε  to elevate at low frequency as space charges normally 
required a longer relaxation time than ferroelectric dipoles.  




Figure 35 Frequency dependence of rε  and tan δ of the single layered and 
PZT/BNT bilayered films at different stages of polarization switching. (a) 
450PZT; (b) 300BNT; (c) 300PZT/150BNT. 
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The observation above therefore suggests that the enhanced polarization in the 
PZT/BNT bilayered films after polarization switching is associated with the presence 
of space charges. This observation however cannot answer the following questions: 
(i) If it is the increased space charge concentration that gives rise to the enhanced 
polarizability detected in the PZT/BNT bilayered films; why did 300BNT, with 
its frequency dependence of rε  also increase after fatigue, not show an 
increase in polarization? 
(ii)  How does the presence of space charge give rise to the unusual fatigue 
behavior? 
More detailed analyses on dielectric behavior, as will be shown in the following 
section, help to give a better understanding on the unusual fatigue behavior. 
4.5.3.2. Domain Walls Mobility 
As mentioned in Section 4.3.3.2, the polarization response in a ferroelectric film was 
closely related to the mobility of the domain walls. In this section, the relationship 
between the increased space charge concentration and domain walls mobility will be 
further studied. 
 
The Rayleigh law was again utilized to probe the change in the domain walls mobility 
of the samples in the course of polarization switching, as shown in Figure 36(a)-(c). 
The irreversible domain walls contributions of the 450PZT [see Fig. 36(a)] were 




α 0  dropped from 16.8 % to 8.3 %), 
implying that more domains in the film became seriously pinned and immobilized. As 
shown in Figure 35(a) in the previous section, the decrease in rε  indicated that the 
switching of domains became less effective after polarization switching, while the 
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increase in its frequency dependence suggested the space charge concentration 
increased. These observations concluded that the domains were pinned by the 
increased space charges concentration such as ••OV  in the course of polarization 
switching [78]. This therefore gave rise to the fatigue characteristics as shown in 
Figure 32(a). 






Figure 36 Change of the irreversible domain walls contributions at 1 kHz of 
(a) 450PZT, (b) 300BNT, and (c) 300PZT/150BNT, with number of switching 
cycles. 
In addition, investigation into the domain walls mobility in the BNT film showed that 




α 0  dropped from 7.5 to 8.6 %) then decreased 
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α 0 ). The investigation by 
Wu et al [80] showed that besides generating more ••OV , the field cycling on BLT 
(Bi0.25La0.75Ti3O12) thin film also helps in defect detrapping and domain walls 
depinning. However, as the N increased further, the charge trapping rate eventually 
overcame the depinning rate and caused the domain walls mobility to drop. 
 
The presence of field-assisted domain walls depinning therefore explains why there is 
an increase in rε  and space charges level yet degraded polarization was observed 
after repeated cycling in BNT film [see Figure 35(b)]. The increase of rε  especially at 
low frequency as shown in Figure 35(c)(left) is partially due to the freely-move space 
charges that are detrapped from domain walls [79]. As the N increases, the depinning 
rate eventually overcame pinning rate and therefore caused the polarization of BNT to 
degrade. 
 
The change of domain mobility in the PZT/BNT bilayered film was again different 
from that in the two single layered films. With increasing N, the domain walls were 




α 0  increased all the way from 5.4 % to 8.2 %). 
Besides the detrapping of space charges in the BNT constituent layer, there was 
another contribution that caused the Pswtichable to surge to as high as 7 times of the 
virgin state after fatigue [Figures 32(c)-(e)]. Jiang et al [77] had shown that although 
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space charges and ferroelectric dipoles are of different nature, the charge 
displacement of both involves the energy dissipation and contributes to polarization 
that gives rise to a hysteresis behavior. 
 
If one is to believe that the great increase in polarization after polarization switching 
arises from space charges, where do the space charges come from? And why is there a 
strong domain walls depinning effect after the switching cycling? These lead to the 
characteristics as shown in the following sections. 
4.5.3.3. Source of Space Charges 
Pontes et al [23] also observed an enhanced polarization during repeated polarization 
switching with a peak after 1011 cycles. They claimed that it was due to the STO 
dielectric layer that they purposely inserted between the BTO and electrode layers. 
Characterizations on the PZT/BNT bilayered films so far also proved the existence of 
a low- rε  PZT/BNT interfacial layer between the two ferroelectric layers. To 
understand the importance of this interfacial layer in affecting the fatigue behavior of 
the bilayered films, series connection model is again employed. As mentioned in 
Section 4.3.2.2, this is the model that provides a close look to the interfacial layer in 
the heterostructure. 
 
rε  of all PZT/BNT bilayered films after polarization switching were measured and 
compared with the analyses in Section 4.3.2.3 as shown in Figure 37. In Figure 35, it 
was observed that all rε  increased after polarization switching. Such increase made 
the value of rε  to deviate from the prediction that includes the interfacial layer 
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contribution (Scenario 1, see Section 4.3.2.2) and approach that excluded the 
interfacial layer contribution (Scenario 2).  
 
Figure 37 rε  of the PZT/BNT bilayered films at 10 kHz before and after 
fatigue, as compared to the theoretical calculations. 
It is obvious that it was the PZT/BNT interfacial layer, which did not exist in the PZT 
and BNT single layered films, that gave rise to the abnormal fatigue behavior. Further 
analyses by using the series connection model suggested that during the polarization 
switching the low- rε  interfacial layer was being destructed by the switching electric 
field to give rise to an increase in the space charges level. These space charges 
therefore contributed to the increase in the Pswtichable [77]. The interfacial layer also 
explains why the pinning effect in the bilayered films appeared to be much higher 
than that of the single layered films. As mentioned in Section 4.5.3, interface is a 
favorable site for space charges. In the bilayered film, besides the film/electrode 
interface that also existed in the single layered films, the PZT/BNT interfacial layer 
between the two ferroelectrics layers also attracted space charges. It was these space 
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charges that pinned the domain walls in both PZT and BNT layers that neighboring 
the interfacial layer and caused the electrical properties to be generally poorer than 
that of the single layered film (Section 4.2.1 & 4.3.1) [28, 69].  
4.5.3.4. Temperature Dependence of Fatigue Endurance 
To further understand the effects of the PZT/BNT interfacial layer on the fatigue 
characteristic of the bilayered films, the temperature dependence of polarization 
switching was monitored from 20 °C to 100 °C, and plotted in Figure 38. Surprisingly, 
a Pswtichable peak was observed at N = 6×109 cycles at 60 °C. The polarization peak 
shifted to smaller N as the temperature increased further. Moreover, it was also 
observed that the height of the polarization peak increased with increasing 
temperature.  
 
Figure 38 Fatigue behaviors of the PZT/BNT bilayers at various 
temperatures. 
The above observations suggested that, a rise in temperature not only eases the 
polarization enhancement upon polarization switching (Pswtichable peak shifted to 
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smaller N) but also boosts the polarization enhancement (Pswtichable peak height 
increased). According to Zhang et al [81], a rise in temperature eases the detrapping 
of ••OV . Jiang et al [77] also concluded that raising temperature increases the defect 
mobility therefore the defects redistribution rate. Hence the destruction of the 
PZT/BNT interfacial layer into mobile space changes at elevated temperatures leads 
to: (i) more effective depinning of domain walls, and (ii) higher defect redistribution 
rate, where both play a role in enhancing the Pswtichable detected after repeated cycling. 
4.5.3.5. Space Charge Migration 
 
Figure 39 Change of Pswitchable with N at room temperature for the 
300PZT/150BNT. 




Figure 40 P-E loop of the 300PZT/150BNT before and after polarization 
switching at room temperature.  
Figure 39 shows that as N increased, the difference between |+Pswitchable| and |–
Pswitchable| became larger. Also as shown in the Figure 40, the P-E loop shifted upward 
after polarization switching, which indicates that the polarization switching eased the 
positive polarization of the heterostructure. The upward-shifting of P-E loop was also 
observed by Warren et al [73] and Yoo and Desu [69] before. Study of Yan et al [82] 
also showed that after certain number of switching cycles, space charges in PZT film 
moved towards and accumulated at the Pt electrodes due to the existing of an internal 
electric field in the Schottky barrier. The observed P-E loop shifting could primarily 
be resulted from an accumulation of immobile positively and negatively charged 
defects at the top and bottom electrode interfaces, respectively, and hence promoted 
buildup of an internal field as elaborated in Figure 41 [57]. Therefore, there is a clear 
indication that polarization switching caused the space charges to migrate away from 
the interfacial layer upon its corruption, and move to the directions of both top and 
bottom electrodes. 




Figure 41 Schematic showing accumulation of the charged defects at the 
electrode/film interface. 
4.5.4. Remarks 
Both XRD and RAMAN studies confirmed the retention of well-crystallized PZT and 
BNT layers in the bilayered films. In the cross sectional view of the bilayered films 
revealed by SEM, both layers were identified and their individual layer thicknesses 
were measured. All the films appeared to be dense and crack-free. Roughness 
measurements by AFM showed that the bottom PZT layers had successfully improved 
the smoothness of the BNT layers. However, there existed a significant diffusion 
length as shown in the cross section elemental analyses as revealed by SIMS. A 
decrease in oxygen content at the PZT/BNT interface suggests a high concentration of 
••
OV  at the PZT/BNT interface. 
 
Prs of the bilayered films were upset compared to those of both single layered PZT 
and BNT films. The Pr was dependent on the thickness of the constituent layer, where 
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it increased with increasing PZT layer thickness. On the other hand, Ec was much 
improved compared to the single layered BNT films. 
 
Similar to the ferroelectric behavior, dielectric responses of the PZT/BNT bilayered 
films were found to be greatly dependent on the constituent layer thickness. Analysis 
by using the series connection model confirmed the existence of an interfacial layer 
between the PZT and BNT layers. Further analysis showed that the PZT/BNT 
interfacial layer was a dielectric layer with low rε . 
 
In the study of fatigue endurance, polarization of the single layered PZT film 
degraded after 106 of switching cycles, while that of the BNT film did not show much 
change even after 109 cycles. However, the PZT/BNT bilayered films had their 
Pswitchable increases with increasing N and peaks after 109 cycles. The polarization peak 
was observed to occur at lower N when the constituent PZT layer was thickened. The 
unusual fatigue was associated with the low- rε  interfacial layer existing in the 
bilayered film. This PZT/BNT interfacial layer, which consisted of space charges e.g. 
••
OV , pinned the domain walls that were neighboring to it and upset the ferroelectric 
and dielectric responses of the bilayered films. This layer however could be 
destructed by repeated polarization switching, and the destruction process could be 
assisted by an increase in temperature. Upon the destruction of the interfacial layer, 
the space charges forming the interfacial layer became freed and the domain walls 
that were formally pinned became depinned. Such process improved the ferroelectric 
and dielectric response and gave rise to the unusual fatigue behavior that was not 
commonly seen in the single layered films. This conclusion could be summarized by 
the energy diagram in Figure 42. 




Figure 42 Energy diagram showing two relatively stable states that the 
PZT/BNT bilayered films can exist in. 
The bilayered thin films could exist in two energetically favorable states:  
(i) with an interfacial layer between PZT and BNT layers, and  
(ii)  with space charges accumulated at electrode/film.  
The as-prepared bilayered film existed in the energy state (i). It could be switched to 
the energy state (ii) by repeated polarization switching with or without a rise in 
temperature. While the energy state (ii) could be to revert to (i) simply by aging the 
film under room temperature (see Section 4.5.2). Since the transition from energy 
state (ii) to (i) is less energy demanding as compared to that of (i) to (ii), the energy 
barrier for transition from (ii) to (i) is expected to be smaller. Hence energy state (i) is 
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CHAPTER 5 BNT/PZT BILAYERED FILMS 
In order to study the effects of the stacking order of the two ferroelectric layers of 
PZT and BNT in the heterostructured film, BNT/PZT bilayeres with PZT layer 
stacking on BNT layer were also fabricated. In this chapter, heterostructures with 
three different PZT:BNT thickness ratios (1:2, 1:1 and 2:1) with the stacking 
sequence reversed were fabricated and studied. They were coded as 300BNT/150PZT, 
225BNT/225PZT and 150BNT/300PZT, respectively. They are characterized in similar 
ways as described in Chapter 4. The results are compared with those of the single 
layered films in order to understand the interactions between the two ferroelectric 
layers. 
5.1. Structural and Microstructural Analysis 
In this section, the phases and microstructure of the bilayered and single layered films 
are presented and discussed. The effects of bottom BNT layer on the phase formation, 
microstructure as well as roughness of the top PZT layer will be discussed on the 
basis of the studies by XRD, SEM and AFM techniques.  
5.1.1. XRD 
Gonio scans on BNT/PZT films, as shown in Figure 43, shows that, except in 
150BNT/300PZT, both ferroelectric layers were successfully retained in the BNT/PZT 
bilayered films. Similar to the result as shown in Figure 12, the PZT phase in all the 
bilayered films were preferably oriented in the (100) direction. On the other hand, the 
BNT phase in 225BNT/150PZT and 300BNT/150PZT was randomly oriented. In 
150BNT/300PZT, however, only two weak peaks of the BNT layer were detected. 
BNT/PZT BILAYERED FILMS 
 
96 
To find out the reason to the weak respond from the BNT phase, XRD patterns of all 
bottom BNT layers were collected before PZT layers were deposited, as shown in 
Figure 44. It was found that the XRD patterns of the thinnest BNT film – 150BNT, 
appeared to be much weaker and broader, while the three thicker BNT films exhibited 
sharp and well-defined peaks. Fitting of the (111) peak of all BNT films shows that 
the three films that were thicker than 150BNT had FWHM (full widths at half-
maximum) ranged from 0.172 to 0.185, while that of 150BNT is 0.285, which was 
significantly larger than the rest (see Table 4). Therefore it is understood that weak 
BNT signal detected in 150BNT/300PZT was due to the poor crystallinity of the 
bottom BNT layer. 
 
 
Figure 43 XRD patterns of the single layered and BNT/PZT bilayered thin 
films. 




Figure 44 XRD patterns of the single layered BNT films at various 
thicknesses. 
Table 4 FWHM and peak position of (111) peak of the single layered BNT 
films at various thicknesses. 
 FWHM (°) Peak Position (°) 
150BNT 0.285 23.427 
225BNT 0.185 23.419 
300BNT 0.175 23.435 
450BNT 0.172 23.423 
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5.1.2. Raman Spectroscopy 
From the Raman spectra as shown in Figure 45, it can be seen that there exists short-
range order in both BNT and PZT layers in all BNT/PZT bilayered films. Moreover, it 
was observed that with increasing thickness of the bottom BNT layer, the BNT peaks 
become of high intensity. On the other hand, 150BNT film not only exhibits a poor 
long-range order as revealed by the XRD phase analysis in the previous section, but 
also showed a poor short-range order as typical BT peaks are very weak in its 
RAMAN spectrum as shown in Figure 46.  
 
 
Figure 45 RAMAN spectra of the single layered and BNT/PZT bilayered 
films. 




Figure 46 RAMAN spectra of the single layered BNT films at various 
thicknesses. 
5.1.3. SEM Microscopy 
Similar to the PZT/BNT bilayered films, cross sectional view of the BNT/PZT films 
reveals an excellent adhesion of the two ferroelectric layers (see Figure 47). The 
interface between the two layers was distinct owing to the different microstructure of 
the two constituents. Table 5 shows the averaged thicknesses collected at five random 
positions for each constituent layer in the bilayered films. 






Figure 47 SEM micrographs showing cross section of BNT/PZT films at 
various PZT:BNT  ratios: (a) 300BNT/150PZT, (b) 225BNT/225PZT and (c) 
150BNT/300PZT. 
Table 5 Total and individual layer thicknesses of the BNT/PZT films. 
Sample 
Content 
300BNT/150PZT 225BNT/225PZT 150BNT/300PZT 
PZT layer 169.45 ± 16.09 nm 242.43 ± 13.74 nm 294.71 ± 33.94 nm 
BNT layer 465.07 ± 19.84 nm 227.50 ± 22.70nm 174.29 ± 27.47 nm 
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Figure 48(d) shows the surface morphology of the single layered PZT film. The 
surface was inhomogeneous as some large round grains in micron size scattered 
randomly. These grains are known as “rosette” structures which consist of highly 
crystallized perovskite phase [84, 85]. The region between the rosette structures is 
poorly crystallized pyrochlore matrix. Structural study by Kwon et al [86] showed 
that the tops of the rosette structures are elevated as high as ~500 Å from the 
pyrochlore matrix. Obviously the presence of the rosette structure introduces surface 
roughness and inhomogeneity that adversely affect electrical properties of the PZT 
film. Such features are therefore undesirable for NVFRAM applications. However, in 
the BNT/PZT bilayered films, the sizes of the rosette structures were much reduced 
and the surface appeared to be more homogeneous as shown in Figures 48(a)-(c). 
 
Figures 49(a) – (c), together with Figure 15(d) as shown in the previous section, show 
the surface morphology of the single layered BNT of various thicknesses. They all 
appeared to be dense with plate-like grains distributed homogenously, except the 
150BNT film, where grains were much smaller. For BT films, it was demonstrated by 
Kim et al [83] that the films with thickness lower than 200 nm possessed a higher 
level of internal strain. This can therefore explain the poor crystallinity observed in 
150BNT as shown by XRD and Raman studies. 




Figure 48 SEM micrographs showing the microstructures of PZT layer in (a) 
300BNT/150PZT, (b) 225BNT/225PZT, (c) 150BNT/300PZT, and (d) 450PZT. 




Figure 49 SEM micrographs showing the microstructures of BNT layer in (a) 
150BNT, (b) 225BNT, and (c) 300 BNT. 
5.1.4. AFM 
In consistence with the observations of SEM, PZT surfaces of the BNT/PZT bilayered 
films, as shown in Figures 49(a)-(c), appeared to be more homogenous as compared 
to the single layered film (450PZT) [see Figure 49(d)]. The surface roughness 
measurement as revealed in Figure 50 shows that the insertion of a BNT layer beneath 
the PZT layer generally reduced the surface roughness by around 40 – 60 %. This 
could be attributed to the suppression of the rosette structure with the PZT layer as 
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mentioned in the previous section. Indeed, the rosette structures consist of protruding 
grains that cause inhomogeneity and roughness to PZT surface [86]. The surface 
roughness also appeared to be much improved as compared to that of the PZT/BNT 
bilayered films, therefore better electrical properties shall be expected from the 
BNT/PZT bilayered films. 
  
  
Figure 50  AFM micrographs showing the microstructures of top BNT layer 
in (a) 300BNT/150PZT, (b) 225BNT/225PZT, (c) 150BNT/300PZT, and (d) 
450PZT. 
(a) 1 μm 
(c) 1 μm 1 μm (d) 
(b) 1 μm 




Figure 51 Roughness (Rq) of the 450PZT and BNT/PZT bilayered films. 
5.1.5. SIMS 
150BNT/300PZT was chosen in the elemental analysis by SIMS. In the spectra as 
shown in Figure 51, both layers were observed to have uniform concentration of 
constituent atoms throughout the entire layer. Similar to the 300PZT/150BNT as 
elaborated in Section 4.1.5, the intensity of Ti in BNT layer appeared to be higher 
than that of the PZT layer. However, unlike the PZT/BNT film, Ti and O did not 
show a decrease in intensity at the interface of the bilayered film. 




Figure 52  SIMS intensity counts of elements in the 150BNT/300PZT 
bilayered films over the sputtered depth of 457 nm. 
5.2. Ferroelectric Properties 
As discussed in the previous section, there is a great difference between the PZT/BNT 
and BNT/PZT bilayered films in terms of their microstructures and interfacial 
characteristics. The following two sections will focus on how the electrical behavior 
is affected by the improved microstructure and interfacial conditions. 
5.2.1. P – E Hysteresis Loop 
Unlike the PZT/BNT bilayered films, ferroelectric behavior of the BNT/PZT 
bilayered films resemble those of their constituent ferroelectric layers, i.e. 450PZT 
and 450BNT, where their P-E loops appeared to be more saturated [see Figures 52(a)-
(c)]. 






Figure 53  P-E hysteresis loops of (a) 300BNT/150PZT, (b) 225BNT/225PZT 
and (c) 150BNT/300PZT. 
The P-E loop of the 150BNT/300PZT in Figure 52(c) was the most parallelogram-like 
when compared to those of the other two BNT/PZT bilayered films. To confirm this 
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observation, their derivatives of P with respect to E were plotted against the change of 
applied E as shown in Figure 53. It is well known that a P-E loop that shows good 
saturation should have [64, 87 & 88]: 
(i) Rectangular shape with rapid change of P with E near ±Ec, and 





∂  of a well-saturated loop is plotted against E, one would 
expect:  
(i) Well-defined peaks at ±Ec, and  
(ii) Closed loop at ±Emax.  





∂  peaking at ±Ec for the 150BNT/300PZT was less obvious, also the loop 
appeared to be more open at ±Emax. This reveals that the saturation of the P-E loop 
obtained from 150BNT/PZT was poorer than those of the other two BNT/PZT 
bilayered films. This is due to the poor crystallization of 150BNT bottom layer, which 
had already been discussed in Section 5.1.1 & 5.1.2. 








∂  of P-E loops of the BNT/PZT bilayered films at 
500 kV/cm on electric field. 
Pr and Ec of the BNT/PZT bilayered films were plotted against tPZT/ttotal, as shown in 
Figure 54. Pr of 300BNT/150PZT, 225BNT/225PZT and 150BNT/300PZT at 500 
kV/cm were 8.28, 12.02 and 13.80 μC/cm2, respectively. Similar to that of the 
PZT/BNT bilayered films, their Pr increased almost linearly with tPZT/ttotal, among 
them 225BNT/225PZT and 150BNT/300PZT films showed a higher polarization than 
450BNT.  
 
On the other hand, Ec of 300BNT/150PZT, 225BNT/225PZT and 150BNT/300PZT at 
500 kV/cm were 78.9, 94.55 and 96.8 kV/cm respectively, which also showed much 
improvement as compared to that of the single layered BNT film (200.60 kV/cm). As 
expected at the beginning of this section, the BNT/PZT bilayered films which showed 
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better microstructure, expressed a much improved ferroelectric properties as 
compared to the PZT/BNT bilayered films (c.f. Section 4.2.1). 
  
Figure 55 Pr (left) and Ec (right) of the single layered and BNT/PZT bilayered 
films against tPZT/ttotal at 500 kV/cm. 
5.3. Dielectric Properties 
In this section, rε  and tan δ of the BNT/PZT bilayered films will be discussed. The 
PZT/BNT interfacial layer had been shown to significantly affect the electrical 
behavior of the PZT/BNT bilayered films, as analyzed by using the series connection 
model and Rayleigh law. These same approaches will be again implemented to study 
the dielectric properties of the BNT/PZT bilayered films. 
5.3.1. Dielectric Constant & Loss Tangent 
rε  and tan δ of all BNT/PZT bilayered films measured at 10 kHz are shown in 
Figures 55(a) and (b), respectively, where the single layered BNT and PZT films were 
also inserted for comparison. The rε  of the three BNT/PZT films were found to fall 
between those of the 450BNT (95.30) and 450PZT (704.39) and increased linearly 
with increasing PZT layer thickness. Similar trend was observed in their tan δ but the 
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two bilayered films with thicker PZT layers – 225BNT/225PZT (0.13) and 
150BNT/300PZT (0.18), exhibited a higher loss that exceeds the value of 450BNT 
(0.088). 
  
Figure 56 (a) rε  and (b) tan δ of the single layered and BNT/PZT bilayered 
films against tPZT/ttotal at 10 kHz. 
5.3.2. Series Connection Model 
By following a similar approach that was taken to the PZT/BNT bilayered films as 
detailed in Section 4.3.2, the BNT/PZT bilayered films were examined. The rε  of the 
BNT/PZT bilayered films was compared to those calculated by considering the 
absence (Scenario 1) and presence (Scenario 2) of the BNT/PZT interfacial layer.  
 
fε  and 
i
id
ε  of both PZT and BNT obtained from Section 4.3.2.1 were used for 
calculation. The experimentally measured rε  of the BNT/PZT bilayered films 
together with the calculated ones were plotted in Figure 56. As shown in Table 6, the 
experimentally measured iε  appeared to be closer to the prediction of Scenario 1, 
where the contribution from BNT/PZT interfacial layer was not considered. Unlike 
the case of the PZT/BNT bilayered films, the series connection model suggests that, 
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the BNT/PZT interfacial layer did not play an important role in affecting the dielectric 
behavior of the BNT/PZT bilayered films. 
 
Figure 57 Experimental and theoretically calculated rε  of the BNT/PZT 
bilayered thin films. 
Table 6 Discrepancies between the experimentally measured rε  of 
PZT/BNT bilayered thin films and those of predicted on the basis of Scenario 1 
& 2, as discussed in Section 4.3.2.2. 
 150PZT/300BNT 225PZT/225BNT 300PZT/150BNT 
Scenario 1 8.8% 8.8% 10.1% 
Scenario 2 24.6% 29.9% 43.4% 
 
5.3.3. Rayleigh Law 
In the PZT/BNT bilayered films, the PZT/BNT interfacial layer pinned the 
neighboring domain walls and adversely affected the electrical properties. However, 
such interfacial layer did not play a crucial role in the electrical properties of the 
BNT/PZT bilayered films. Therefore, a domain walls pinning effect as seen in 
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PZT/BNT bilayered films is not expected. To further confirm this argument, the 
Rayleigh law is used to examine the domain walls motion in the BNT/PZT bilayered 
films. 
5.3.3.1. Rayleigh Parameters 
As discussed in Section 4.3.3.2, Rayleigh parameters ( intε  and α ) are required in the 
study of domain walls pinning effect. These parameters can be obtained from the least 
square linear fit of the rε  vs. 0E  plot as y-intercepts and gradients, respectively, 
according to Equation (4.3-11) (see Figure 57). The measurement of rε  has to be 
done in subswitching field. Figure 58 shows the comparison between the Rayleigh 
parameters of the BNT/PZT bilayered films with those of the BNT and PZT single 
layered films at 1 kHz. 






Figure 58 Field dependence of rε  measured for: (a) 300BNT/150PZT, (b) 
225BNT/225PZT, and (c) 150BNT/300PZT, at different frequencies. The full lines 
represent best fits to Equation (4.3-11). 




Figure 59 The reversible and irreversible parameters, intε  and α , of the 
single layered and bilayered films at 1 kHz, extracted from Figure 58. 
intε  of the BNT/PZT bilayered films, range from 346 to 684 and laid between those of 
the BNT and PZT single layered films (284.91 and 1090.63, respectively) (see Figure 
58). Similar to intε , α  of the bilayered films also fell within the values of the BNT 
and PZT single layered films (1.34 and 11.05, respectively). α  of 300BNT/150PZT, 
225BNT/225PZT and 150BNT/300PZT were 2.63, 1.47 and 3.07 m/V, respectively.  
 
Before proceeding to further analysis on the Rayleigh parameters, the validity of 
applying the Rayleigh law to the BNT/PZT bilayered films first has to be considered. 
5.3.3.2. Validity of Rayleigh Law 
As discussed in Section 4.3.3.3, to ensure the reasonableness of using the Rayleigh 
law in the studies of domain walls pinning effect in the BNT/PZT bilayered films, the 
two Rayleigh parameters obtained in the previous section were used to fit the 
ferroelectric behavior, according to Equation (4.3-12). Figures 59(a)-(c) show the 
fitting of P-E loops of the BNT/PZT bilayered films at 50 kV/cm and 100 Hz to 
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Equation (4.3-12) with Rayleigh parameters obtained in the previous section. All 
experimentally measured P-E loops were found to be well fitted to the equation. This 
therefore implies that the domain walls motion in the bilayered films can be studied 
by using the Rayleigh law. 
 
 




Figure 60 Polarization vs. field hysteresis loop at 100 Hz with E0 = 50 kV/cm. 
Circles correspond to experimental data and the full lines are calculated with 
Equation (4.3-12), with intε  and α  extracted from Figure 58. 
5.3.3.3. Threshold Field 
As stated in Section 4.3.3.2, 1E  denotes the initialization of domain walls motion. As 
shown in Figure 60(a), the values of 1E  of all the BNT/PZT bilayered films were 
found to approach that of the 450BNT (19 kV/cm). This suggests that the domain 
walls pinning effect in the bilayered films was closer to that of the single layered BNT 
film than to that of the single layered PZT film. On the other hand, 2E  – the upper 
limit of the nonlinearity, serves as a guide in probing the domain walls motion energy 
distribution. With 2E  ranging from 36 – 39 kV/cm, the distribution of the domain 
walls motion energy distribution in the BNT/PZT bilayered films, were generally 
larger as compared to those of both BNT and PZT single layered (33 and 28 kV/cm, 
respectively). Therefore, similar to the PZT/BNT bilayered films, the BNT/PZT films 
also required a higher level of energy than the 450PZT in depoling (c.f. Figure 54). 




Figure 61 (a) 1E  and (b) 2E  of the single and bilayered films obtained from 
Figure 59. 
5.3.3.4. Domain Walls Pinning 
In contrast to the PZT/BNT bilayered films with a significant PZT/BNT interfacial 
layer built up by defects, the BNT/PZT bilayered films did not exhibit a substantial 
interfacial layer that pinned the neighboring domain walls, as suggested by their 
structural and electrical behavior. By using the irreversible parameters, α , as worked 
out in Section 5.3.3.1, the domain walls pinning effect existed in the BNT/PZT 




α 0 , as shown in Figure 61. 
The ratio reveals how important the irreversible movement of domain walls is to the 
dielectric behavior of the ferroelectric thin film. Calculations reveals the BNT/PZT 




α 0  than that of the PZT/BNT bilayered films (see 
Section 4.3.3.5). It therefore can be concluded that the domain walls pinning effect in 
the BNT/PZT bilayered films was weak. 




Figure 62 Irreversible domain walls displacement contributions in the single 
layered and BNT/PZT bilayered films at 1 kHz with field amplitude of 20 kV/cm. 
5.4. Fatigue Properties 
The presence of the PZT/BNT interfacial layer induces an abnormal fatigue behavior 
in the PZT/BNT bilayered films, as discussed in Section 4.4.2. In contrast, the 
BNT/PZT bilayered films do not exhibit such a interfacial layer. Their fatigue 
characteristics are thus of interest for further discussion. 
5.4.1. Fatigue Characteristics 
Fatigue behavior of the BNT/PZT bilayered films were characterized by subjecting 
the heterostructured films to a bipolar switching field with amplitude of 300 kV/cm 
and frequency of 200 kHz. The change of normalized switchable polarization with N 
for each of the bilayered films as well as their P-E loops before and after the fatigue 
test are shown in Figures 62(a)-(c). Upon repeated polarization switching, all 
bilayered films show a gradual decrease in Pswitchable. As shown in Figure 62, P-E 
loops of the fatigued bilayered BNT/PZT film changed from a rectangular shape to a 
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Figure 63 Left: Change in Pswitchable with N; Right: P-E loops at 300 kV/cm 
before and after polarization switching of the BNT/PZT bilayered films. 
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The reduction in the amount of switchable ferroelectric domains in the bilayered films 
due to repeated polarization switching were calculated by taking the difference 
between Pswitchable at virgin state and fatigued state. Their results were compared with 
that of the single layered PZT and BNT films as shown Figure 63. It appears that the 
thicker the PZT constituent layer, the lesser the amount of switchable domains 
remained after fatigue test. In other words, the higher the BNT layer content, the 
better the fatigue endurance of the bilayered films demonstrated. 
 
Figure 64 Change in Pswitchable in both the BNT/PZT bilayered and the single 
layered films after 109 cycles of polarization switching. 
5.4.2. Effects of Polarization Switching in Domain Walls Mobility 
In the study of polarization switching of the PZT/BNT bilayered films, it was shown 
that the depinning of domain walls from defects caused an increase in Pswitchable; 
despite both the PZT and BNT single layered films fatigue due to domain walls 
pinning by defects. Analysis on the fatigue behavior of the BNT/PZT bilayered films 
in the previous section disclosed that, there was a decrease in Psw in the bilayered 
films after repeated polarization switching. If the model established from the study of 
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fatigue behavior for the PZT/BNT bilayered films was true, the BNT/PZT bilayered 
films should show a decrease in domain walls mobility i.e. an enhancement in domain 
walls pinning effect after polarization switching. For confirmation, the Rayleigh law 
was once again utilized.  
 
In the course of polarization switching of BNT/PZT bilayered films, the Rayleigh 
parameters were worked out by measuring the rε  of the bilayered films under 




α 0 , at 
selected N was worked out, as described in Section 5.3.3.4, and shown in Figure 64. 






Figure 65 Change of the irreversible domain walls contribution at 1 kHz of 
(a) 300BNT/150PZT, (b) 225BNT/225PZT, and (c) 150BNT/300PZT, with N. 






α 0  of all BNT/PZT bilayered films decreased with N. This confirmed the inference 
mentioned at the beginning of this section i.e. the domain walls mobility should, in 
line with the switchable polarization, decreased with N. In the course of polarization 
switching, more and more domain walls were pinned by defects and became 
incapable of responding to the switching electric field. 
5.4.3. Remarks 
Structural analysis by XRD and Raman confirmed the retention of PZT and BNT 
phases in the bilayered films. However the crystallinity of the thinnest BNT film 
(150BNT) was poorer than that of those thick BNT films due to internal strain (see 
Section 5.1.2). All BNT/PZT films showed desired adhesion between the two 
constituent ferroelectric layers with dense and crack-free surfaces. A much reduced 
rosette grain size was observed on the PZT surface of the bilayered film. This had 
shown to improve the surface roughness in the AFM study. The diffusion length at the 
BNT/PZT interface was rather narrow in the bilayered thin films, as shown by SIMS 
studies. 
 
The BNT/PZT bilayered films demonstrated rectangular and well-saturated P-E loops, 
exhibiting better ferroelectric behavior than those of the PZT/BNT films. Similar to 
the PZT/BNT bilayered films, their ferroelectric behaviors were closely related to the 
thickness of the PZT layer in the bilayered films. On the other hand, both rε  and tan δ 
of the BNT/PZT bilayered films increased linearly with PZT layer thickness. 
Investigations into the BNT/PZT interface by using the series connection model 
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showed a trivial interaction between the two constituent ferroelectric layers. The 
effect of interfacial layer was therefore insignificant in the BNT/PZT bilayered film. 
 
Dielectric responses of the bilayered films in subswitching field were found to be well 
described by the Rayleigh law. Their domain walls mobility was rather similar to 
those of the BNT and PZT single layered films. Absence of the interfacial layer 
caused a weak domain walls pinning effect in the BNT/PZT bilayered films, hence 
allowed more mobile domain walls and better ferroelectric behaviors as compared to 
the PZT/BNT bilayered films. This also successfully enhanced the fatigue endurance. 
A thicker BNT layer with thinner PZT layer could pertain up to 95 % of the 
switchable domains upon 109 cycles of polarization switching. The same as the case 
of PZT and BNT single layered films, study on the domain walls mobility of the 
bilayered films during polarization switching showed that, switching electric field 























CHAPTER 6 VERIFICATION OF MODEL  
In the previous two chapters, thorough and systematic investigations into the structure 
and electrical properties had been made with both the PZT/BNT and BNT/PZT 
bilayered films. Having successfully enhanced the fatigue endurance of the BNT/PZT 
bilayered films, it would be of interest for us to develop a model (see Section 4.5.4) 
that can explain the abnormal fatigue behavior observed in the PZT/BNT bilayered 
films. In this chapter, selected results on both the PZT/BNT and BNT/PZT bilayered 
films will be analyzed and compared in order to verify the model that has never been 
reported for a ferroelectric heterostructured thin film. 
6.1. Evidence of Existence of PZT/BNT Interfacial Layer 
As mentioned previously in Section 4.5.3.3, the PZT/BNT interfacial layer was 
buildup of defects. The series connection model suggests that the PZT/BNT 
interfacial layer effects were more significant in the PZT/BNT than in the BNT/PZT 
bilayered films. To further confirm this point, direct evidence is required. SIMS, 
being the technique that enables the probing of elemental content across the thickness 
of the ferroelectric thin film, therefore serves the purpose of confirming the presence 
of such a defect layer in the heterostructured film.  
 
The changes of elemental concentration in the PZT/BNT and BNT/PZT bilayered 
films across the film thickness were reported in Section 4.1.5 and 5.1.5, respectively. 
The presence of an interfacial layer between the two ferroelectric films could be 
detected from the change of the intensity counts of Pb and Bi, since their intensities 
could serve as a guide to the presence of PZT and BNT layers, respectively. 




The relative thickness of the interfacial layer in both bilayered films could be attained 
by measuring the length of the transition between the two ferroelectric layers. It could 
be easily understood that a long transition length of Bi and Pb in the bilayered films 
indicated a thick interfacial layer. The transition length between two layers can never 
become infinitesimally small in a SIMS spectrum due to some limitations as shown 
below.  
(i) the resolution limit of SIMS; and 
(ii) the roughness of the bottom layer. 
To account for this, the transition length in the bilayered films was corrected by 
subtracting the values of roughness of the bottom layer from the observed transition 
length in the SIMS spectrum. The corrected transition lengths in both PZT/BNT and 
BNT/PZT bilayered films are as summarized in Table 7. 
Table 7 Transition lengths of Pb and Bi in both types of the bilayered films 
obtained from SIMS analysis in Section 4.1.5 and 5.1.5.  
Transition length (nm) 
Species 
300PZT/150BNT 150BNT/300PZT 
Pb 104 49 
Bi 75 46 
 
It is apparent that the transition length in the PZT/BNT bilayered film was nearly 50 
% higher than that in the BNT/PZT bilayered film. This observation therefore 
together with the analysis by series connection model, confirmed the significance of 
the interfacial effect in the PZT/BNT bilayered film. 




6.2. Origin of PZT/BNT Interfacial Layer 
Both bilayered thin films were fabricated via the same procedures, where the PZT 
layers were spin-coated by the same sol solution and the BNT layers were sputtered 
under the same working conditions. Therefore the occurrence of an interfacial layer in 
the PZT/BNT bilayered film, but not in the BNT/PZT bilayered film, is unlikely to be 
due to the difference in the nature of the ferroelectric film deposited. 
 
The model that described the electrical behaviors of the PZT/BNT bilayered film as 
detailed in Section 4.5.3.3 concluded that the interfacial layer was built up by the 
accumulation of defects between the two ferroelectric layers. In the film preparation 
process, thermal annealing is a processing stage that can introduce those defects. For a 
perovskite ferroelectric, e.g. PZT, ••OV  are the most common and mobile ionic defects. 
They are believed to originate from the evaporation of PbO during film crystallization 
[28, 57]. According to Zhang et al [81], an annealing at high temperature creates 
considerable amount of defects in the PZT thin film. Examination on the fabrication 
processes of both types of bilayered films revealed that the PZT layer in PZT/BNT 
bilayered film had gone through two thermal treatment processes:  
(i) at 650 °C for 30 min – crystallization of PZT layer that was spin-
coated directly on substrate, and 
(ii) at 700 °C for 5 min – crystallization of BNT layer that was deposited 
on top of the PZT layer.  
On the other hand, the PZT layer in the BNT/PZT bilayered thin film only went 
through one thermal treatment i.e. at 650 °C for crystallization of the PZT layer that 
was deposited on the as-crystallized BNT bottom layer.  




As a result, the crystallized bottom PZT layer in the PZT/BNT bilayered film was not 
only heated at 700 °C, which is higher than the optimized crystallization temperature 
(650 °C), but was also heated for a longer duration when compared to the PZT top 
layer in the BNT/PZT bilayered film. Both higher temperature and longer annealing 
duration caused more PbO loss, and hence more ••OV  produced [57]. In either way, 
the additional heat treatment on the PZT layer in the PZT/BNT bilayered film assisted 
the introduction of structural defects. It therefore can be concluded that there existed a 
higher concentration of defects at the layer/layer interface in the PZT/BNT bilayered 
film than that in the BNT/PZT bilayered film. In other words, the presence of an 
interfacial layer in the PZT/BNT bilayered film was most likely to originate from the 
heat treatment during the fabrication of the PZT/BNT bilayered film. 
6.3. Effects of PZT/BNT Interfacial Layer 
In this section, the effects of the presence and absence of an interfacial layer in the 
PZT/BNT and BNT/PZT bilayered films will be discussed, respectively, by 
examining their ferroelectric as well as dielectric behavior, before and after 
polarization switching. 
6.3.1. Effect of defects 
Figure 66 compares the shape of P-E loops of both bilayered and single layered thin 
films, measured at 500 kV/cm. The bilayered thin film with BNT as the bottom layer 
exhibits a nearly ideal rectangular P-E loop that was similar to that of the two single 
layered films; while the P-E loop of the bilayered film with PZT as the bottom layer 
was parallelogram-like. 




According to Li et al [60], the deviation of a P-E loop from the ideal shape is 
associated with the domain walls motion. They reported two possible factors that 
affect the domain walls motion hence the shape of P-E hysteresis loop, namely stress 
and point defects. The stress can arise from the lattice mismatch between PZT and 
BNT. Since the non-ideal P-E loop was only observed in the PZT/BNT bilayered film 
but not BNT/PZT, it is very unlikely that the distorted shape of P-E loop in the former 
was caused by stress. Another possible reason is the point defects that exist in the thin 
film. These defects could pin the domain walls by increasing the energy that is 
required to move the domains. Since those defects are randomly distributed, the 
energy increments were not equal for different domain walls, hence the slopes of the 
P-E loop at P = 0 was more gradual than the ideal one.  






Figure 66 P-E hysteresis loops of the PZT/BNT, BNT/PZT bilayered films 
and PZT, BNT single layered films, measured at 500 kV/cm. 
On the other hand, Pontes et al [89] revealed that the accumulation of the charged 
defects at an interface causes the build-up the depolarizing field in the opposite 
direction to the applied electric field. The depolarizing field therefore screens the 
ferroelectric bulk from the full strength of the applied electric field. This, together 
with the domain walls pinning effect (as stated in Section 4.3.3.5), could explain why 
the polarization of the PZT/BNT bilayered films was poorer than that of the 
BNT/PZT bilayered films, as shown in Figure 67. 





Figure 67 Plot of Pr of the PZT/BNT and BNT/PZT bilayered films against 
tPZT/ttotal at 500 kV/cm. 
6.3.2. Buffer Layer 
As reported in Section 4.4.2, Pswitchable of the PZT/BNT bilayered films increased with 
increasing N during repeated polarization switching. The enhanced polarization 
however was shown to decrease after the maxima at ~108 cycles (see Figure 33). On 
the other hand, the BNT/PZT bilayered film showed a straight decrease in Pswitchable 
(see Section 5.4), which had been further proven to be associated with the pinning of 
domain walls. 
6.3.2.1. Interfacial Layer Delays Pinning of Domain Walls 
Figure 68 shows the change of Pswitchable and domain walls mobility in both the 
PZT/BNT and BNT/PZT bilayered film during polarization switching. In the 
BNT/PZT bilayered film [see Figure 68(right)], the domain walls mobility continually 
decreased with increasing N. Its Pswitchable also decreased likewise. In the PZT/BNT 
bilayered film [see Figure 68(left)], on the other hand, the change of Pswitchable too was 
in line with the domain walls mobility but increased with increasing N. However, 








α 0  started to decrease.  
 
The above observation suggests that the presence of a PZT/BNT interfacial layer can 
be taken as a buffer layer that delayed the pinning of domain walls from occurring in 
the PZT/BNT bilayered film at the beginning of polarization switching. On the other 
hand, in the BNT/PZT bilayered film where the effect of the interfacial layer was 
small, domain walls pinning took place immediately at the onset of polarization 
switching and caused the polarization to degrade. 
 
 
Figure 68 Change of the switchable polarization and irreversible domain 
walls contributions in the 150PZT/300BNT and 300BNT/150PZT thin films with 
N. 




6.3.3. Source of Defects 
The model proposed in Section 4.5.4 elucidated that the PZT/BNT interfacial layer 
presents in the PZT/BNT films could transform into free-moving defects that moves 
in the direction of film/electrode interface upon polarization switching. This was 
supported by the study on the fatigue behavior by Kohli et al [71], showing that the 
application of electric field cycling induced multiple knocking of domain walls on 
defects or defects dipoles and caused defects to redistribute [71]. This therefore 
explained why there is an increase in tan δ in the PZT/BNT bilayered films while that 
of the BNT/PZT remained almost unaltered after polarization switching (see Figure 
69). 
  
Figure 69 Dependence of the loss tangent of 300PZT/150BNT and 
150BNT/300PZT bilayered film at different stages of polarization switching. 
Figure 69 shows that the BNT/PZT bilayered film that did not possess a thick 
interfacial layer as a source of space charges, hence did not demonstrate an increase in 
loss tangent after polarization switching. The PZT/BNT bilayered film, however, 
exhibited a large dielectric relaxation suggesting a high concentration of space 
charges [89]. According to Cillessen et al [79], although space charge and 




ferroelectric bulk are of different nature, the charge displacement of both involves the 
energy dissipation and gives rise to a hysteresis behavior. The hysteresis behavior of 
space charge arises from the charge exchange between the electrode and near 
electrode trap state. Space charge polarization could therefore contribute to the 
increase in polarization observed in the fatigue behavior. This was also supported by 
the observation in Figure 70, where the PZT/BNT bilayered films demonstrated a 
much stronger frequency dependence of Pr after polarization switching (solid circles). 
As mentioned in Section 3.2.2, space charges require a longer response time than 
dipoles. An increase of polarization in the low frequency region in the PZT/BNT 
bilayered film after polarization switching therefore denotes an increase in space 
charges concentration in the thin film. The BNT/PZT bilayered films, on the other 
hand, did not show any increase in the space charge level after polarization switching, 
since there was no change in the dependence of Pr on frequency. 
  
Figure 70 Dependence of Pr on frequency of 300PZT/150BNT (left) and 
150BNT/300PZT bilayered films (right), before and after 1010 cycles of 
polarization switching. 





The PZT/BNT interfacial layer was responsible for the improvement in fatigue 
endurance of the PZT/BNT bilayered films by acting as a buffer layer that delayed the 
occurrence of domain walls pinning, which is a process that is detrimental to the 
mobility of ferroelectric domains. However the buffer layer was not stable under 
repeated polarization switching, whereby it decomposed into space charges that 
contributed to the hysteresis behavior and enhanced the ferroelectric behavior of 































CHAPTER 7 CONCLUSIONS 
In this project, heterostructured ferroelectric bilayered films consisting of PZT and 
BNT layers had been successfully fabricated via a synthesis route of combining sol-
gel and RF-sputtering. Both ferroelectric layers were well retained in both the 
PZT/BNT and BNT/PZT bilayered films. Ferroelectric and dielectric properties of the 
bilayered films were largely dependent on the constituent layers thickness. This is the 
first time that domain walls mobility in a heterostructured thin film is reported. 
 
A remarkably anomalous enhancement in polarization was demonstrated by the 
PZT/BTN bilayered films, whereby the switchable polarization increased dramatically 
upon >106 switching cycles. The anomalous enhancement in switchable polarization 












enhanced Pr and Ec were observed to slowly restore to their initial states upon aging at 
room temperature. The restoration in polarization and the observed dielectric behavior 
as a function of frequency supported the conclusion that the space charges which were 
accumulated at the interfaces in the heterolayers were responsible for the fatigue 
anomaly. 
  
When the stacking sequence was reversed in the BNT/PZT bilayered films, the 
microstructure of the top PZT layer was found to be much improved by the bottom 
BNT layer. The sizes of the rosette structures on the PZT surface were much reduced, 
the surface roughness hence were greatly improved. With the improved 
microstructure, the BNT/PZT bilayered films exhibited much better ferroelectric 
behavior than that of the PZT/BNT films, where their P-E loops were more well-












bilayered films also showed much improvement as compared to that of the single 
layered PZT film. The enhanced fatigue resistance with increasing BNT layer 
thickness showed that the coupling of PZT with a BNT layer – a fatigue resistant 
ferroelectric layer, had successfully improved the poor fatigue endurance of the 
former. Among the BNT/PZT films, 300BNT/150PZT demonstrated the highest 
fatigue resistance up to 1010 switching cycles. 
 
BNT is a ferroelectric layer with moderate electrical performance but high fatigue 
endurance that is easy to fabricate. The combination of PZT with BNT ferroelectric 
layer, not only improved the fatigue endurance of PZT, at the same time it also 
allowed the retention of excellent electrical properties of the PZT film. While in many 
other PZT heterostructures containing oxide or dielectric layer, the fatigue endurance 












some cases the fabrications of those heterostructures are not practically compatible 
with the current Si process technology; the study on BNT/PZT bilayered films 





















CHAPTER 8 FUTURE WORK 
The systematic investigation into the electrical properties allowed an understanding 
on the interactions between the two different ferroelectric layers in the bilayered thin 
films. Since domain walls mobility is the main factor that affects the electrical 
properties of a ferroelectric thin film [87], the present study has been focusing on the 
domain walls mobility, on the basis of several models, in an attempt to understand the 
reasons that drive the observed behaviors of the bilayered films. However, further 
studies could be carried out, in order to get a more complete picture of the 
heterostructured films. 
 
Chaim et al [87] showed that deformation of a unit cell can also affect the 
ferroelectric domain walls motion intrinsically. Therefore a more in-depth structural 
study can be carried out to understand the cause(s) to the different morphologies and 
electrical behavior observed in the bilayered film. A high resolution X-ray would be 
very helpful in achieving that. As mentioned in Section 3.3, by controlling the 
incident angle of the X-ray gun, the structural information at the desired depth can be 
selectively obtained. Fitting of the obtained data would then reveal the detailed 
information on phase formation and even unit cell structure. Moreover, TEM allows a 
close-up view which permits direct structural study on the domain structure in both 
the ferroelectric layers and the interfacial layer. Such a study allows a more direct and 
convincing observation at the interfacial layer between the two ferroelectric layers [17, 
90]. Also a careful study on the cross-sections in the bilayered film before and after 
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